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Rare earth biphenolate species have become an increasingly studied series of complexes, owing
to the diversity they offer over mononuclear aryloxide complexes, as well as their efficacy as
catalysts and initiators in a range of organic transformations and polymerisation reactions.
Compared to monodentate aryloxide ligands, biphenolate ligand systems are still in their
infancy in rare earth coordination chemistry. In their limited use, the ligand 2,2’-
methylenebis(6-fert-butyl-4-methylphenol) (mbmpH2) has been a popular candidate. This
review aims to highlight the chemistry that has been explored thus far with these carbon bridged

lanthanoid biphenolate systems.

1. Introduction

Alkoxide and aryloxide ligands have attracted significant attention over the last two decades,
primarily as bulky ligands for low coordination number lanthanoid complexes.'™* This
attention has also drawn a focus on methylene bridged biphenolate ligands, which have the
propensity to act as dianionic, chelating ligands. These ligands can provide a more
stereochemically rigid framework for the metal centre, offering the potential to affect
stereospecific transformations, alongside reduced likelihood of redistribution reactions.
Biphenolate ligand systems have been historically used to synthesise transition and main group
metal coordination complexes, some of which have shown both significant, and selective
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catalytic activity.>'¥ Lanthanoid complexes bearing the same ligand subset also exhibit
y y p g g

activity in a range of organic transformations. For example, biphenolate lanthanoid complexes
are efficient initiators of the polymerisation of L-lactide, €-caprolactone, and the highly
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stereoselective polymerisation of rac-lactidel as well as significant catalytic activity

towards the Diels-Alder reaction of cyclopentadiene with methyl acrylate.!!”! They have also
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been applied in sol gel methods,!' and as feedstocks in MOCVD and ALD deposition of oxide

layers.!'®1°1 This review does not extend to the chemistry of closely related biphenyldiolate
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systems (see however the work of Shibasaki Tand Aspinal

1.1 Methylenebiphenol Ligands

Methylene bridged biphenols offer a versatile, structural backbone for biphenolate chemistry.
They are highly tuneable ligands, as addition of simple alkyl substituents in the ortho and para
positions can dramatically influence the coordination number, and solubility of their resulting
complexes respectively. Additionally, these substituents can influence the acidity of the phenol,
owing to the electron donating or withdrawing nature of the substituents. Further substitutions

can be performed on the methylene bridge, altering solubility and steric properties. (Figure 1).

OH OH OH OH OH OH
! ! !I !I

R =H or Me
Rll
E mz E';tBu R=1tBu, R'=tBu, R"=M
R=Et, R =tBu R = Me or tBu, R' = tBu, R" = (o- OMe)Ph
R =1Bu, R'=tBu

Figure 1 — A range of common, substituted methylene bridged biphenol pro-ligands.

The primary focus of this review is the biphenol 2,2’-methylenebis(6-tert-butyl-4-
methylphenol) (mbmpH>), bearing one fert butyl group in the ortho position of each phenyl
ring, and one methyl group in the para positions (Figure 2). The methylene bridge provides
some flexibility to the ligand, and when coordinating to a metal centre can offer a wide range
of coordination geometries with a variety of metals. 2,2’-Methylenebis(6-tert-butyl-4-
methylphenol) is also commercially available making it a desirable starting material for a range
of syntheses. The ortho tert-butyl group imposes steric demands at the metal site and also

enhances solubility in low polarity solvents.



OH OH
tBu I I tBu

Figure 2 — 2,2°-Methylenebis(6-tert-butyl-4-methylphenol) (mbmpH>).
1.2 Rare earth biphenolate coordination modes

When considering the coordination of a phenolate ligand to a lanthanoid metal, there are two
major influences: the steric effects of the ligand about the oxygen donor, and the ionic radius

26-28] Figure 3 displays some of the diverse coordination modes of the

of the metal centre(s).!
mbmp?” ligand in a schematic form (free from coordinated solvent and auxiliary ligands on the
main group metals for simplicity). The simplest form of divalent lanthanoid biphenolates
involve two Ln(II) centres, and two mbmp?* ligands, each with one terminal and one bridging

29301 (Figure 3 — I). The only heterobimetallic divalent lanthanoid

oxygen atom [Ln(mbmp)],!
complex consists of a divalent samarium centre and two aluminium atoms. The samarium
centre is coordinated to an mbmp® ligand through one bridging oxygen, and an n?’-
intramolecular coordination of the ipso carbon, alongside intramolecular n°-m-arene

coordination in [Sm(mbmp)ALL]*! (L = Me) (Figure 3 —II).

Comparatively, the simplest trivalent complexes involve a trivalent Ln centre, ligated by two
ligands, where one is fully deprotonated, and the other partially deprotonated
[Ln(mbmp)(mbmpH)].5?33 Coordination of the phenolic oxygen OH is reported in particular
solvents (Figure 3 — III and IV). Simple heteroleptic complexes have also been reported
containing a trivalent Ln centre with one fully deprotonated mbmp?" ligand, and an ancillary
ligand [Ln(mbmp)L]!%3*3¢1 (L = Cp, N(SiMes): or 3,5-dimethylpyrazolate) (Figure 3 — V). In
most reported cases, the biphenolate ligand bridges between two Ln metal atoms to form a
dinuclear complex such as [Lnz(mbmp);]**3! (Figure 3 — VI), [Lnz(mbmp)sM,]3" (Figure 3 -
VII). Less common variations involve heterobimetallic species where the auxiliary metal
coordinates to the bridging phenolate oxygens such as [Ln(mbmp),M]?*! (Figure 3 — VIII) and
[Lnz(mbmp)sM]B738 (Figure 3 — IX), or the linear coordination mode where the Ln metal is
coordinated to one oxygen of each ligand while the auxiliary metal coordinates to both
[Ln(mbmp)>M-]*! (Figure 3 — X). Whilst displayed very generally, each example of these

coordination modes is further discussed in this review in more detail.
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Figure 3 — A range of coordination modes of the mbmp?” ligand in neutral rare earth, and rare
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earth/main group heterobimetallic complexes.[>*?! M represents a range of alkali metals or

aluminium, where auxiliary ligands are excluded for simplicity.

2. Synthesis of rare earth biphenolate complexes

Several major synthetic routes are regularly employed for the synthesis of both divalent and
trivalent rare earth biphenolate complexes, including halide metathesis, protolysis, and redox

transmetallation/protolysis reactions.



2.1 Divalent lanthanoid biphenolate complexes by salt elimination metathesis

The divalent oxidation state is most readily accessible under normal conditions for the metals
samarium, europium and ytterbium. Biphenolate chemistry of the rare earths in the divalent
state is quite scarce, and only a few complexes have been reported. The Shen group prepared
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the first Eu®" carbon bridged biphenolate complex**! as a dinuclear species from a halide

metathesis reaction utilising the sodium salt of mbmpH: and EuCl; in thf:hmpa
(hexamethylphosphoric amide) (10:1). The resulting intermediate species was treated with Na-

K alloy for reduction of the metal from Eu*" to Eu** (Scheme 1).

+2[Na thf:hmpa, Na-K alloy (hm / |
2Bl 2ol 72h " " 4;/ A)
r.t.

[Eu(mbmp)(hmpa)2]2

—(hmpa)2 + 6 NaCl

Scheme 1 — Metathesis reaction, and subsequent reduction by Na-K alloy, to form

[Eu(mbmp)(hmpa),],.2"
2.2 Divalent lanthanoid biphenolate complexes by protolysis/ligand exchange

Alternatively, the Shen group accessed divalent lanthanoid biphenolates by protolysis
reactions, utilising lanthanoid silylamides ([Ln{N(SiMe3)2}2(thf)2] where Ln = Sm, and Yb) as
the lanthanoid starting material (Scheme 2).*°! Reactions were undertaken using the
corresponding lanthanoid silylamide, and the protonated mbmpHo> ligand in toluene at room
temperature to afford [Ln(mbmp)(solv)] (Ln = Sm, solv = (hmpa),, and Ln = Yb, solv =
(hmpa)(thf)) complexes. Divalent lanthanoid complexes of mbmp?” show poor solubility in thf,

thus hmpa was added as a cosolvent to crystallise the complexes.
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) toluene | I +2hmpa I \

2 [Ln{N(SiMes))a(thf)z] + 2 mbmpHe  —————= (thf)n— — —(hfn  ——  (solv)— — —(solv)
- 4 NH(SiMe b4 o1

[Ln(mbmp)(thf)n]2 [Ln(mbmp)(solv)]2
Ln=8m,n=3 Ln = Sm, solv = (hmpa),
Ln=Yb, n=2 Ln =Yb, solv = (hmpa)(thf)

Scheme 2 — Protolysis reaction to form [Ln(mbmp)(thf),]> and [Ln(mbmp)(solv)]. divalent

biphenolate complexes.*”]

The peralkylated aluminate samarium complex [Sm(AlMes)>] reagent has also been utilised
for the synthesis of the divalent samarium biphenolate complex [(AlMe;)(AlMes)Sm(mbmp)]
(Scheme 3).P! This complex undergoes further reactivity with zert-butylisocyanate, yielding
the insertion product [Sm{(mbmp)AIMe('BuNCO)}.] with insertion into an Al-Me bond
(Scheme 3).

tBu

B Me
o Uyt MeO O
Ny By N0 )/
toluene  Me / v Me Me | \/ \
[Sm(AMes)2] + mbmpH2 AN L NS BUNCO O o
AN N\ toluene N Q
Me/ Mé Me
(/ ’\ B
=~ ""~tBu
s
B tBu
[(AIMe2)(AlMe4)Sm(mbmp)]

[Sm{(mbmp)AIMe('BUNCO)},]

Scheme 3 — Formation of divalent samarium biphenolate heterobimetallic complexes from

peralkylated aluminate samarium complex [Sm(AlMes),].B!

Alternatively, when treated with azobenzene and recrystallised from thf, the samarium
biphenolate  aluminate = undergoes  oxidation and  redistribution to  yield
[AIMe;Sm(mbmp)z(thf)2] (Scheme 4). The use of thf as a crystallisation solvent means that the
crystal structure of the complex may potentially differ to that of the actual product formed in
toluene. Additionally, the fate of the reduced azobenzene, and several Al-Mey units, was not

explained.



Me /\ /
+ PhN=NPh \AI thf— 5 ——thf
_—
tol e/ \ / \
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(recrystallised from thf)
tBu tBu

: DA®

[(AIMe2)(AlMe4)Sm(mbmp)]
[AIMe2SmM(mbmp);(thf)z]

Scheme 4 — Oxidation and redistribution reaction of [(AIMez)(AlMe4)Sm(mbmp)] induced by
azobenzene yielding [AIMe>Sm(mbmp),(thf),].B!

2.3 Trivalent lanthanoid biphenolate complexes by salt elimination metathesis

Much like the synthesis of divalent lanthanoid biphenolate complexes, the synthesis of trivalent
lanthanoid biphenolate complexes typically involves treating the rare earth halide with the
alkali metal salt of the biphenolate ligand, eliminating an alkali metal halide. One of the major
drawbacks of salt metathesis reactions is the potential for incorporation of the alkali metal or
halide ions into the final structure. For example, the reaction of NdCl3 and LiCH>SiMes in the
presence of the protonated biphenol pro-ligand (bpoHz) (where bpoH, = mbmpH,, 6,6'-
methylenebis(2,4-di-fert-butylphenol) (mbbpHz) or 6,6'-(ethane- 1,1-diyl)bis(2,4-di-tert-
butylphenol) (edbpH>)), firstly undergoes salt metathesis, then subsequent protolysis, yielding
both the lithium incorporated product [Li(thf)Nd(edbp)(thf)2], and lithium chloride
incorporated product [Lix(thf);(u-CI)Nd(bpo)z(thf)] (Scheme 5).1 Attempts to avoid the
ligand redistribution reducing the reaction time and temperature to 30 minutes and 0°C

respectively were unsuccessful.
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[Liz(thf)s(u-Cl)Nd(bPO)z(thf)]

bpo = mbmp, R = Me
bpo = mbbp, R =Bu

[Li(thf)Nd(edbp)2(thf)2]

Scheme 5 — Salt elimination metathesis/protolysis reactions of NdCl3 yielding the lithium
incorporated [Li(thf)Nd(edbp):(thf)2], and lithium chloride incorporated [Lix(thf)s(p-
CI)Nd(bpo)2(thf)] (bpo = mbmp, and mbbp) complexes.*”]

Metathesis reactions with lanthanoid halides and alkali metal salts of biphenolates can lead to
either ionic, or non-ionic heterobimetallic complexes depending on the solvent system used.
The Shen group exhibited this by treating LnCl; (Ln = Nd, Sm, Er and Yb) with two equivalents
of Naymbmp in thf, yielding the corresponding molecular [Ln(mbmp)z(thf),Na(thf),] (Ln =Nd,
Sm, n= 1, and Ln = Er, Yb, n = 2) complexes (Scheme 6).1174%!

+2Na thf

O %
LnClj ,mbmp
o
\Na/

(thf
[Ln(mbmp)2(thf)nNa(thf)o]
Ln = B (R = )

Scheme 6 — Salt elimination metathesis reactions of LnCl; with Na;mbmp in 1:2 stoichiometry,

yielding sodium-lanthanoid bimetallic biphenolate complexes [Ln(mbmp),(thf),Na(thf),].174%!

Of these biphenolate complexes, the Nd, Sm, and Yb heterobimetallics were susceptible to
forming the ionic complexes [Na(dme)>(thf),][Ln(mbmp)z(thf).] when taken up into a mixture

of toluene and dme (Scheme 7)./l



Bu ~ tBu tBu

thf _o/_\o_ thf
O > S D e o = AV 4
\Na/ toluene ) O}_ Q (/\}) O

Bu | B Bu B
(thf)2 - JL B
[Ln(mbmp)z(thf)nNa(thf);] [Na(dme)z(thf)2][Ln(mbmp)z(thf)2]
Ln =g, Sy 2

Scheme 7 — Formation of ionic species [Na(dme):(thf),][Ln(mbmp)>(thf).] where Ln = Nd,

Sm and Yb, upon changing solvent from thf to a dme:toluene mixture.[*"!

Further variability in the products was observed when using the larger potassium salt of the
biphenolate ligand for metathesis reactions with LnCl; where Ln = La, Sm, Nd, and Yb. The
Sm and Yb complexes [Ln(mbmp)>(thf),K(thf),] show structural similarities to their sodium
analogues (Scheme 8),1*”] whereas the La complex is a charge separated species with a solvated
potassium cation, and a two lanthanum centred, potassium bridged anion
[K(thf)s][La(mbmp)z(th)2(p-K)La(mbmp)a(thf)2] (Scheme 9),°7! and Nd forms a large
tetranuclear molecular complex [K(thf):Nd(mbmp),]> (Scheme 10).57!
thf

Q I

+2K \ /
LnClj ,mbmp
r.t.

Q \K/

(thf

[Ln(mbmp)2(thf)2K(thf)n]
Ln=9g =3

Scheme 8 — Metathesis reaction of LnClz with Kombmp to form [Ln(mbmp)>(thf),K(thf),] (Ln
=Sm,n=2and Ln=Yb, n=3).57
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Scheme 9 — Formation of the charge separated ionic species [K(thf)s][La(mbmp)>(thf)2(p-
K)La(mbmp)(thf);].1"]

[K(thf)2Nd(mbmp),],

Scheme 10 — Synthesis of tetranuclear Nd-K complex [K(thf);Nd(mbmp):],.>”!

The cerium(IIl) biphenolate has also been synthesised by metathesis, utilising Ce(OTf)s and
the lithium biphenolate salt to form the lithium cerium heterobimetallic complex
[Li(thf)>Ce(mbmp),(thf),] (Scheme 11).1*!] The two thf molecules coordinated to the Ce*" ion
could be displaced by 2,2’-bipyridine, giving [Li(thf)>Ce(mbmp),(bipy)], whereas addition of
benzophenone displaced the coordinated thf on both the Ce*" and Li' cations yielding
[Li(L)Ce(mbmp)2(L).] (L = benzophenone) (Scheme 11).14!]



O
+ 2,2-bipyridine e T / \ //
2—— \
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A o

O O
+2Li thf Li(thf)2Ce(mbmp)y(b
Ce(OTf)3 ,mbmp ___ W (% [Li(thf)2 (bipy)]
O 0
“ D
O O tBu tBu
O O
[Li(thf)2Ce(mbmp)a(thf)2] L_Li/ \ /_(,_)2
+ benzophenone © o
tBu ‘I PN ‘I tBu
[Li(L)Ce(mbmp)2(L)2)]

(L = benzophenone)

Scheme 11 — Metathesis reactions utilising Ce(OTf); and Liombmp giving the cerium-lithium
heterobimetallic [Li(thf),Ce(mbmp)>(thf).], and subsequent ligand exchange reactions (where

L = benzophenone).*!!

In a similar fashion, the Shen group has performed salt elimination metathesis reactions with
lanthanoid borohydrides to avoid halide inclusion. Sodium lanthanoid ionic complexes have
been synthesised by treatment of [Ln(BH4)3(thf)3] (Ln = Er, Yb and Sm) with Nazedbp in dme
to yield the ionic species [Na(dme)s;][Ln(edbp)2(dme)] (Scheme 12).*?! This synthetic

approach avoids the solubility issues associated with lanthanoid halide starting materials.

2R/



tBu tBu
N\ tBu O O tBu
(@) O O O
dme
~

[Ln(BH4)3(thf)s] + 2 Nap8dPP o v — N \ édme
A

tBu tBu

Bu Bu

[Na(dme)s][Ln(edbp)z(dme)]
(Ln = Er, Yb and Sm)
Scheme 12 - Synthesis of [Na(dme)s;][Ln(edbp)2(dme)] (Ln = Er, Yb and Sm) from lanthanoid

borohydride starting materials.[*?!

The Shen group has also employed metathesis with heteroleptic lanthanoid amide halide
starting materials to form heteroleptic ionic biphenolate amide complexes. Treatment of
[Ln{N(SiMe3)2}2CI(thf)] (Ln = Nd and Yb) with mbmpH> in the presence of two equivalents
of  m-butyllithium at -10 °C in thf yielded the ionic complexes
[Li(thf)4][Ln(mbmp) {N(SiMe3)2}2] (Scheme 13).534

()

0
2 nBuLi Ll
[Ln{N(SiMe3)2}2Cl(thf)] + mbmpH, o - .'\

Q tBu

[Li(thf)4][Ln(mbmp)}{N(SiMe3)2}2]
Ln =Nd and Yb

Scheme 13 — Synthesis of [Li(thf)4][Ln(mbmp){N(SiMe3). }2] by metathesis from heteroleptic

lanthanoid amide halide starting materials.*%!
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2.4 Trivalent lanthanoid biphenolate complexes by protolysis/ligand exchange

Synthesis of rare earth biphenolate complexes by protolysis/ligand exchange methods offers a
convenient, alternative synthetic route to salt elimination metathesis methods, and eliminates
the opportunity for halide and alkali metal inclusion into the final complex. The Shen group
has utilised this method to synthesise simple trivalent biphenolate complexes from
[LnCps(thf)] (Ln = Y, La and YD) starting materials, firstly by forming the heteroleptic
[Ln(mbmp)Cp(thf),] complexes by treatment of [LnCps(thf)] with one equivalent of mbmpH>
in thf. Further treatment with a second equivalent of mbmpH: in toluene led to either
[Ln(mbmp)(mbmpH)(thf):] (Ln = Y, Sm and Yb), or the dinuclear [Lax(mbmp)s(thf)s]
complex (Scheme 14).1°311t has been suggested that the nuclearity of the complex is dependent
on the size of the Ln** cation, with La** being considerably larger than the Y** and Yb*" cations.
Analogous complexes [Ln(mbmp)Cp(thf)2] (Ln = Sm and Nd) were also synthesised by the

same route, but, were not treated further with mbmpH, (Scheme 14).534



+ mbmpH2 \ /
toluene, 70°C thf—_ thf

gl s N\

+ H  thf, 50°C
LnCp, mbmp 7 —

[Ln(mbmp)(mbmpH)(thf)z]

tBu
[Ln(mbmp)Cp(thf)n]
Ln=Y, Sm, Nd, Yb (n =2) tBu
Ln=La(n=3) O Bu tBu
Ln=L / /
n-ta | thf——L4—thf

+mbmpH2 \ /
toluene, 70°C O \)
Rhoaes

[Laz(mbmp)s(thf)s]

Scheme 14 — Synthesis of heteroleptic [Ln(mbmp)Cp(thf),] where Ln =Y, Sm, Nd (n=2) and

La (n = 3), and subsequent treatment with mbmpH,.**]

The partially deprotonated complexes of Y, Yb and Sm are of particular interest, as the
protonated phenol allows for further deprotonation reactions to be undertaken quite readily.
The Shen group attempted to explore this by treatment of [Ln(mbmp)(mbmpH)(thf)]
complexes with basic organometallic reagents to form heterobimetallic species, but with
limited success. Treatment of the same Yb complex with nBuLi resulted in formation of the
desired heterobimetallic [Yb(mbmp)>(thf)Li(thf):] (Scheme 15(a)). In contrast, treatment of
[Yb(mbmp)(mbmpH)(thf),] with one equivalent of AlEt; resulted in redistribution, and
isolation of the discrete ion pair [ Yb(mbmp)(thf)2(dme)][Yb(mbmp)2(thf):] (Scheme 15(b)).
Treatment of both the [Ln(mbmp)(mbmpH)(thf):] species with ZnEt; also resulted in
redistribution, yielding the dinuclear zinc biphenolate complex [Zn(mbmp)(thf)]> (Scheme
15(c)).B?!
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Scheme 15 — Further reactivity of [Ln(mbmp)(mbmpH)(thf):] (Ln = Y and Yb) complexes
with: (a) nBuLi, (b) AlEt; and (c) ZnEt,.[*%]

This stepwise protolysis of lanthanoid starting materials allows for facile synthesis of
interesting heteroleptic complexes. The Shen group utilised a similar method to that outlined
in Scheme 14 with the lanthanoid amide starting material [Ln{N(SiMe3)>}2] (Ln = La and Gd)
and the bulkier biphenols 6,6'-((2-methoxyphenyl)methylene)bis(2-(tert-butyl)-4-
methylphenol) (mbmpaH>) and 6,6'-((2-methoxyphenyl)methylene)bis(2,4-di-tert-
butylphenol) (mbbpaH). Treatment of [Ln{N(SiMes).}2] with one equivalent of biphenol
(bpoHz) at 60°C led to formation of [Ln(bpo){N(SiMes)>}], which could undergo further

(b)



protolysis with 3,5-dimethylpyrazole (MePzH), yielding [Ln(bpo)(Me.Pz)(thf)s] (Scheme
16).13]

tBu tBu
AN + Me,pzH AN N
[Ln{N(SiMes)2}s] + bpoHz ————» Ar —N(SiMeg), Ar L=y N
thf, 60°C "t NS
tBu tBu
[Ln(bpo){N(SiMe3)2}] [Ln(bpo)(Me2Pz)(thf);]
Ln=Laand Gd Ln=Laand Gd
R =Me or tBu R = Me or tBu
Ar = (0-OMe)Ph Ar = (0-OMe)Ph

Scheme 16 — Stepwise protolysis of lanthanoid silylamide starting materials with bulky

biphenols (mbmpaH, and mbbpaH.) and subsequent protolysis with 3,5-dimethylpyrazole.!*"]

Furthermore, a range of phenols and alcohols of varying steric bulk were applied in the same

fashion using the [Ln(mbmp)Cp(thf);] (Ln = La, Sm, Nd and YD) starting materials, yielding

a variety of mono- and di-nuclear complexes (Scheme 17).!16:43]
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Ln =Nd, Yb, R = Me, iPr, PhCH,

Scheme 17 — Reactions of alcohols and phenols with [Ln(mbmp)Cp(thf),] yielding both mono-

and di-nuclear complexes.!!6+

Similar to the metathesis reactions previously described with heteroleptic lanthanoid amide
halide starting materials (Scheme 13), these reagents can also be utilised directly for protolysis
reactions owing to the basic nature of the amide ligand. The heteroleptic
[Ln{N(SiMe3)2}.CI(thf)] (where Ln = Nd, and Yb) can be treated with one equivalent of
mbmpH; to yield [Ln(mbmp)Cl(thf):]» (Scheme 18).1**] To assess the synthetic utility of the
lanthanoid chloride complexes, further metathesis reactions were undertaken with

NaN(SiMe;)s, yielding [Ln(mbmp) {N(SiMe3),} (thf)2] (Scheme 18).[*4
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Scheme 18 — Protolysis reaction of lanthanoid amide halides followed by subsequent
metathesis to yield heteroleptic [Ln(mbmp){N(SiMes),}(thf)] (Ln = Nd and YD)

complexes. !

Subsequent treatment of the heteroleptic silylamide complexes [Ln(mbmp){N(SiMe3)>}(thf),]
(Ln =Nd and Yb) with diisopropylcarbodiimide (iPr-N=C=N-iPr) facilitated insertion into the
Ln-N bonds, resulting in the heteroleptic guanidinate complexes, with the larger neodymium
ion forming a dinuclear complex [Nd(mbmp){(iPr-N).CN(SiMe3)2}]2, whilst the smaller
ytterbium ion yielded the mononuclear guanidinate complex [Yb(mbmp){(iPr-

N)2CN(SiMe3), }(thf)2] (Scheme 19).[4
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Scheme 19 — Treatment of [Ln(mbmp){N(SiMe3)2}(thf):] with diisopropylcarbodiimide (iPr-
N=C=N-iPr).l44

In contrast, the homoleptic [Sm{N(SiMes). }3] starting material has also been utilised alongside
AlMes with mbmpH: in toluene at 70°C to directly synthesise the unsolvated samarium
aluminium biphenolate complex [AIMesSm(mbmp)]> (Scheme 20). Further protolysis could
be achieved with another equivalent of mbmpH> in toluene at 70°C, yielding

[AIMe,Sm(mbmp),(thf),] (Scheme 20).531]

o) o) Me
+6 AIMe + mbm H O O
Me- . Me Me P
[SM{N(SiMea)z}a] + mbmpHz MO~ n = \ AN \Me> 1 - . \AI/ ™ _/_(thf)z
toluene, 70°C M~ Me - o Me  toluene, 70°C |\ " \O/ o
\*/\,/l i tBu ' . ' tBu
[AIMesSm(mbmp)], [AlMe2SmM(Mmbmp)y(thf)z2]

Scheme 20 — Synthesis of dinuclear samarium aluminium biphenolate [ AlMesSm(mbmp)],

and subsequent protolysis.[*!]



2.5 Trivalent lanthanoid biphenolate complexes by redox transmetallation/protolysis

Until recently, salt metathesis and protolysis/ligand exchange reactions were the only two
reported methods for synthesising lanthanoid biphenolate complexes. We have since
synthesised a wide variety of new, simple lanthanoid biphenolate complexes, both mono- and
di-nuclear in nature, utilising the redox transmetallation protolysis (RTP) reaction.[*! This
process involves treatment of the lanthanoid metal in its free form with
bis(pentafluorophenyl)mercury (Hg(CeFs)2) and the phenol mbmpH,. The lanthanoid metal
firstly undergoes redox transmetallation with the Hg(CgFs)2, reducing the Hg*" to Hg, and
transferring the C¢Fs™ ligands to the now oxidised lanthanoid metal. This lanthanoid reagent
can then readily undergo protolysis with the acidic mbmpH> ligand, yielding the desired
lanthanoid biphenolate. This synthetic approach has been extensively applied to phenol pro-

ligands;**! but, no such application had been used for biphenols until recently.

A series of partially protonated lanthanoid biphenolate complexes were synthesised by RTP
from the free Ln metal, mbmpH: and Hg(CsFs)2, yielding complexes of the general form
[Ln(mbmp)(mbmpH)(thf);] (Ln =Y, Nd, Gd, Dy, Er, Tm and Lu) (Scheme 21).5?!
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Scheme 21 — Redox transmetallation protolysis reactions of lanthanoid metals with Hg(CeFs)2
and mbmpH> yielding partially protonated [Ln(mbmp)(mbmpH)(thf);] (Ln =Y, Nd, Gd, Dy,

Er, Lu and Tm) complexes.!*?!

These complexes vary slightly from those synthesised by protolysis by the Shen group,
[Ln(mbmp)(mbmpH)(thf)2], in that the protonated phenol is not coordinated to the metal
centre, and instead a third molecule of thf occupies the 6™ coordination site. Recrystallisation

of the yttrium complex from non-coordinating toluene led to loss of this third thf molecule, and



coordination of the phenol, akin to the products reported by Shen ez. al. Formation of
aluminium-lanthanoid heterobimetallic species was attempted by treatment of the
[Ln(mbmp)(mbmpH)(thf);] complexes with AlMes, but only the yttrium complex formed the
desired bimetallic species [AIMe,Y (mbmp)z(thf)z] (Scheme 22). In all other cases only the
aluminium biphenolate [AlMe(mbmp)(thf)] was isolated from the solution, except with the
dysprosium analogue, where the aluminium biphenolate was isolated alongside the dinuclear
dysprosium complex [Dy2(mbmp)s(thf);] (Scheme 22), suggesting that redistribution was the

driving force for the aluminium biphenolate formation.*
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Scheme 22 — Reactions of partially protonated lanthanoid biphenolate complexes

[Ln(mbmp)(mbmpH)(thf);] with AlMe;.1%?!



When treating the [Ln(mbmp)(mbmpH)(thf);] (Ln = Y, Dy, Er and Lu) complexes with n-
butyllithium as an organometallic base, they formed either a molecular complex
[Li(thf),Ln(mbmp)2(thf)] (Ln = Er and Lu) or an ionic complex [Li(thf)4][Ln(mbmp)>(thf).]
(Ln =Y and Dy) (Scheme 23).1% Although the reactivities can be correlated with a change in

size of the trivalent ion, a break between Y and Er*" is a surprise.
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Scheme 23 — Further reactivity of partially protonated lanthanoid biphenolate complexes

[Ln(mbmp)(mbmpH)(thf);] with nBuLi.*®]



The gadolinium complex [Gd(mbmp)(mbmpH)(thf);] readily reacts with K{N(SiMe3)>} to
form the heterobimetallic [K(thf);Gd(mbmp),(thf),] (Scheme 24).58]
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[Gd(mbmp)(mbmpH)(thf)s] [K(thf)3(mbmp)2Gd(thf),]

Scheme 24 - Reactivity of partially protonated gadolinium biphenolate complex
[Gd(mbmp)(mbmpH)(thf);] with KN(SiMe3),.5]

Using the same RTP approach and reaction conditions as those used for the synthesis of
partially protonated [Ln(mbmp)(mbmpH)(thf);] complexes (Scheme 21), dinuclear complexes
of the general form [Lny(mbmp)s(thf),] (Ln = Sm, Tb (n = 2), and Ho, Yb (n = 3)) are
synthesised (Scheme 25).°%] Importantly, these reaction conditions left one unreacted
equivalent of mbmpH: in solution. Whilst it was previously thought that the nuclearity of the
complex was dictated by the ionic radius of the metal centre, there appears to be no correlation

with these newly described species.
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Scheme 25 — Synthesis of dinuclear lanthanoid biphenolate complexes [Lnz(mbmp)s(thf)a+1]
(Ln=Sm, Tb (n=2), and Ho, Yb (n= 1) complexes by RTP.#!

Whilst many of the partially protonated lanthanoid complexes were unable to form
heterobimetallics by further protolysis with AlMes, these dinuclear complexes, in the presence
of one equivalent of mbmpHo>, readily undergo redistribution to form a range of molecular and
ionic heterobimetallic complexes when treated with organometallic bases nBuLi, AlMes, and
ZnEt;. When treated with nBuLi in the presence of one equivalent of mbmpHoa,
[Yb2(mbmp)s(thf),]  underwent  redistribution to  form  the  heterobimetallic
[Li(thf)2 Yb(mbmp)2(thf)], whereas [Lna(mbmp)s(thf)n+1] (Ln =Sm, n=2, and Ln = Ho, n=1)
complexes would the ionic heterobimetallic complexes [Li(thf)4][Ln(mbmp)>(thf)2] (Scheme
26).1%8]
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Scheme 26 — Redistribution reactions of [ Lna(mbmp)s(thf)n+1] (Ln = Sm (n=2) and Ho, Yb (n
= 1)_[38]

Similarly, the dinuclear complexes [Lny(mbmp)s(thf)s] (Ln = Sm and Tb) in the presence of
one equivalent of mbmpH: also underwent redistribution when treated with AlMes, yielding
the molecular heterobimetallic species [AlMe>Ln(mbmp)>(thf)2] (Ln = Sm and Tb) (Scheme
27).138]
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Scheme 27 — Reaction of dinculear [Lna(mbmp)s(thf)a+1] with one equivalent of mbmpH, and
AlMe; B8]

Further, the ytterbium complex [ Yb2(mbmp)s(thf):] and one equivalent of mbmpH> would also
undergoes a similar redistribution when treated with ZnEt,, yielding [ZnEtYb(mbmp)(thf)]
(Scheme 28).%! Interestingly, when the partially protonated [Yb(mbmp)(mbmpH)(thf),]

species was treated with ZnEt, in a similar fashion, only [Zn(mbmp)(thf)], was isolated.**]

A

+ ZnEt2
th + mbmpH, Et_——Z
o/ o thf o
[Yb2(mbmp)s(thf)2] [ZnEtYb(mbmp)2(thf)]

Scheme 28 — Reaction of dinuclear [Ybz(mbmp)s(thf),] with one equivalent of mbmpH> and
ZnEt, yielding [ZnEtYb(mbmp),(thf)].1*"]

Whilst the standalone biphenolate complexes of lanthanum and praseodymium were not
isolated when synthesised by the RTP reaction, treatment of the reaction mixtures with
organometallic bases led to isolation of heterobimetallic species. Thus, reactions of La metal
with mbmpH> and Hg(CgFs)2 in thf at room temperature did not lead to an isolable product, but

when the reaction mixture was treated with nBulLi or AlMes, the heterobimetallics



[Li(thf),La(mbmp)(thf)] and [La(mbmp)(thf)s][Al(mbmp)Me,] were isolated (Scheme
29).8] The same reactions with Pr metal led to isolation of [Li(thf),Pr(mbmp),(thf),] and
[AlMe;Pr(mbmp)x(thf),] were isolated (Scheme 29).1%]

+ nBulLi

* AlMe, 2Ln + 4 mbmpH, +3Hg(CBF5)2
l thf +A|Me
thf
L QA .0 O g O .
tBu tBu tBu tBu tBu . O
\ / O O . O \ /
thf > ithf o \AI/ / / \7 (thf)2
/ —(thf)2 thf
thf trLf th v we Me/ \ RN 0 o
L L N O 0 tBu I I tBu
[La(mbmp)(thf)s][AIMe2(mbmp)
[Li(thf)2Ln(mbmp)y(thf)z]
Ln=LaandPr

[AMe2Pr(mbmp)y(thf)z]

Scheme 29 — Formation of lanthanum and praseodymium heterobimetallics by treatment of

their reaction mixtures with AlMes and nBuLi respectively.®!
2.6 Tetravalent lanthanoid biphenolate complexes

The chemistry of tetravalent lanthanoid biphenolates is quite limited, with only a few
complexes reported. The Schelter group has synthesised cerium(IV) biphenolate complexes
firstly by salt metathesis of Ce(OTf); with Lirmbmp, yielding the already discussed
[Li(thf),Ce(mbmp)2(thf)z], and then oxidising this with common copper halide reagents
(CuCl,, CuBr) or simply with I», resulting in a mixture of the mononuclear [Ce(mbmp)2(thf):]
and the heterobimetallic [Li(thf),Ce(mbmp),(thf)X] (X = Cl, Br or I depending on the oxidant
used) (Scheme 30).1*" Treatment of the mixture with 2,2-bipyridine led to isolation of the pure

[Ce(mbmp),(bipy)] complex in good yield (Scheme 30).[4!!



tBu tBu tButBu tBu O O tBu tBu/+\/+\:!tBu
O O + CuCl ,ICuBr2 ® O ® O

5

O O X

L/ \ / °?2 \ / \ //thf +2,2-bipyridine \ //"J =
(thf)o—Li ——(thf)2 _ —(thfz  +  (thfp—Li — — T

tol toluene N

NN\ SN\ NN\ VAN b
tB“tB“ tButBu tButBu tBUtBu
[Li(thf)2Ce(mbmp)y(thf)z] [Ce(mbmp)z(thf)2] [Li(thfgfceéfrtémp)zl(thf)X] [Ce(mbmp)z(bipy)

= , bror

Scheme 30 — Synthesis of Ce(IV) complexes by oxidation of Ce(IlI) species.[*!]

RTP reactions have also been used to synthesise [Ce(mbmp)(thf).] in a one pot reaction, but,

with very limited yields (Scheme 31).1°%]
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Scheme 31 — Synthesis of tetravalent [Ce(mbmp),(thf),] by the RTP method.*®]

3. Catalysis

In general, the catalytic activity of lanthanoid complexes is largely influenced by the
coordination environment around the metal centre, in addition to the electronic properties of
the lanthanoid metal.*#! In this aspect, biphenolate ligands have several encouraging qualities
in catalytic design, as they are highly tuneable to allow for tailor-made single site catalysts, an
important characteristic for controlled polymerisation reactions.* Historically, the
biphenolate ligand has only been utilised as an ancillary ligand in lanthanoid chemistry,! %43
but as some lanthanoid biphenolate complexes have been shown to be effective and selective
catalysts in organic transformations, namely the ring-opening polymerisation of cyclic esters,

they have become increasingly studied.[!#17:43:46-48]



3.1 Divalent lanthanoid biphenolate catalysts

Owing to the limited number of divalent lanthanoid biphenolate complexes synthesised
compared to their trivalent counterparts, examples of divalent biphenolate complexes as
catalysts is relatively limited. Of the readily accessible divalent lanthanoid metals,
samarium(II) species tend to be the most common catalysts studied, owing to their outstanding
chemical reactivity with a wide range of substrates. The complex [Sm(mbmp)(AlMes)(AlMe»)]
failed to act as a catalyst for the polymerisation of ethylene, even in the presence of additional
activators, whereas [AIMe,Sm(mbmp)(thf),] is capable of initiating polymerisation under

usual Ziegler-Natta catalytic conditions (in the presence of alkyl aluminium activators).*!!

The divalent complexes [Ln(mbmp)(solv)] (Ln = Sm, solv = 2 hmpa, and Ln = Yb, solv =1
hmpa, 1 thf) showed catalytic activity for the homo- and co-polymerisation of e-caprolactone
and 2,2-dimethyltrimethylene carbonate. These complexes were capable of catalysing the ring
opening polymerisation of e-caprolactone with moderate polydispersity indices (PDIs) (PDI <
1.80) and were also effective at catalysing the ring opening polymerisation of 2,2-
dimethyltrimethylene carbonate, and also gave polymers with relatively low PDIs (PDI < 1.55).
The copolymerisation of e-caprolactone and 2,2-dimethyltrimethylene carbonate at room
temperature was also possible with these complexes, and gave random copolymers with high

molecular weights, again, with relatively narrow PDIs (PDI < 1.6).*!
3.2 Trivalent lanthanoid biphenolate catalysts

Compared to their divalent counterparts, trivalent lanthanoid biphenolate complexes have seen
considerably more use. They can act as effective initiators for the ring opening polymerisation
of e-caprolactone and lactides.[*”) Both molecular, and ionic lanthanoid amide biphenolate
complexes with the general form [Ln(mbmp){N(SiMes)}(thf);] (Ln = Nd and Yb) and
[Li(thf)s][Ln(mbmp){N(SiMe3)2}2] (Ln = Nd and Yb) can effectively initiate the
polymerisation of e-caprolactone, yielding high molecular weight, and low PDI polymers.*!
Of these two species, the ionic complexes are more active than the molecular complexes. It is
possible that the increased activity is a result of the cooperation between the cation and anion,
or owing to the charge on the anion. These findings are in agreement with results reporting that
ionic lanthanoid complexes have unique activity for the polymerisation of certain monomers,
whereas the corresponding neutral lanthanoid complexes showed very low, or no activity for

the same polymerisations.”!



Complexes of the general form [Na(dme)s;][Ln(mbmp)2(dme)] (Ln = Sm, Er, Yb) have been
reported as effective single component initiators for the ring opening polymerisation of -
caprolactone in toluene. It was found that an increase in temperature led to a higher degree of
polymerisation, and that a larger ionic radius (Sm*" > Er’** > Yb**) allows for a more facile
coordination process of the monomer to the lanthanoid metal centre, leading to higher

polymerisation efficiency.**

Outside of ring opening polymerisation reactions, trivalent lanthanoid biphenolate complexes
have been utilised as catalysts for the Diels-Alder reaction of cyclopentadiene with methyl

171" Biphenolate complexes of erbium [Er(mbmp)2(thf)Na(thf),] and samarium

acrylate.!
[Sm(mbmp)(thf)Na(TMEDA)] in a catalytic ratio of 1:10 ([Cat.]:[Methyl acrylate] at 40 °C
for 24 hours) showed significantly increased yields (91 and 92% for Er and Sm respectively)
when compared to the uncatalysed reaction (67%). The use of catalysts increased
stereoselectivity, heavily promoting formation of the endo product with both Er and Sm
catalysts, increasing the endo:exo ratio from 2.7 for the uncatalysed reaction, to 4.1 and 4.0

respectively.

4. Conclusions and Future Perspectives

This review has aimed to provide a guide to the synthesis of a range of lanthanoid biphenolate
complexes. It demonstrates the ability of these complexes to act as precursors for a wealth of
heteroleptic species as well as their potential for further transformations, and the sheer diversity
of the synthetic and structural capabilities of this ligand subset. With recent advances in
synthetic methods for accessing both monometallic and heterobimetallic biphenolate

3238] there still remains significant room for

complexes (i.e. with use of the RTP reaction),!
expansion to target new heterobimetallic biphenolate complexes. In particular, the use of RTP
reaction mixtures, without the need to isolate the rare earth biphenolate complex, to prepare

heterobimetallic complexes is a major advance with considerable potential.[*®]

The mbmp?" ligand represents a major contender for the chemistry of rare earth biphenolate
complexes, and whilst other biphenolate ligands with altered bridging groups and substituents
have been employed in this chemistry, there is still significant room for extension. Lengthening
the carbon bridge, incorporation of heteroatoms, or adjusting steric bulk about the phenolate
donors is of interest, as variability in structure of the complexes may significantly adjust the
catalytic capabilities of the complexes, and also allowing for structure-activity relationships to

be established. Diversification of the biphenolate ligand systems used may also enable



diversification of the auxiliary metals which can be incorporated to form a wider library of
heterobimetallic complexes. Again, this variation has the potential to influence the catalytic

capabilities of the bimetallic complexes formed.

Alongside these interesting future perspectives, this review outlines the strengths and
limitations of these rare earth complexes as initiators and catalysts for a range of polymerisation
reactions. This application has been well studied, however, extension to hydroamination and
hydrosilylation reactions is yet to be explored. Outside of catalysis, these complexes may show
reactivity towards small molecules, and interesting magnetism and luminescence properties.
As the chemistry of rare earth biphenolate complexes is still relatively limited, they provide a
myriad of opportunities for future study. The research area has been opened up, particularly by

the work of Professor Qi Shen and her co-workers, and is now ready for further exploration.

5. Acknowledgements

The authors acknowledge support from the Australian Research Council (DP190100798) for

support of this work.

6. Conflicts of Interest

There are no conflicts of interest to declare.

7. References

[1] D.C.Bradley, R. C. Mehrotra, I. P. Rothwell, A. Singh, Alkoxo and Aryloxo Derivatives
of Metals, Academic Press, London, 2001.

[2] T.J. Boyle, L. A. M. Ottley, Chem. Rev. 2008, 108, 1896-1917.

[3] F. Ortu, D. P. Mills, Handbook on the Physics and Chemistry of Rare Earths, Volume
55, Ch. 306, 2019.

[4] F.Ortu, Chem. Rev. 2022, 122, 6040-6116.

[5] M. Gonzéilez-Maupoey, T. Cuenca, L. M. Frutos, O. Castaiio, E. Herdtweck,
Organometallics 2003, 22, 2694-2704.

[6] F.G. Sernetz, R. Miilhaupt, F. Amor, T. Eberle, J. Okuda, J. Polym. Sci. Part A Polym.
Chem. 1997, 35, 1571-1578.



[7]

[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

A. van der Linden, C. J. Schaverien, N. Meijboom, C. Ganter, A. G. Orpen, J. Am. Chem.
Soc. 1995, 117,3008-3021.

D. Takeuchi, T. Nakamura, T. Aida, Macromolecules 2000, 33, 725-729.

W. Braune, J. Okuda, Angew. Chem. Int. Ed. 2003, 42, 64—68.

H.-L. Chen, B.-T. Ko, B.-H. Huang, C.-C. Lin, Organometallics 2001, 20, 5076-5083.
Y.-C. Liu, B.-T. Ko, C.-C. Lin, Macromolecules 2001, 34, 6196—-6201.

B.-T. Ko, C.-C. Wu, C.-C. Lin, Organometallics 2000, 19, 1864—1869.

A. Amgoune, C. M. Thomas, J. F. Carpentier, Pure Appl. Chem. 2007, 79, 2013-2030.

X. Liu, X. Shang, T. Tang, N. Hu, F. Pei, D. Cui, X. Chen, X. Jing, Organometallics
2007, 26, 2747-2757.

K. Nie, X. Gu, Y. Yao, Y. Zhang, Q. Shen, Dalton Trans. 2010, 39, 6832—-6840.

Y. Yao, X. Xu, B. Liu, Y. Zhang, Q. Shen, W. T. Wong, Inorg. Chem. 2005, 44, 5133—
5140.

X.Xu, M. Ma, Y. Yao, Y. Zhang, Q. Shen, J. Mol. Struct. 2005, 743, 163—168.

H. C. Aspinall, J. F. Bickley, J. M. Gaskell, A. C. Jones, G. Labat, P. R. Chalker, P. A.
Williams, Inorg. Chem. 2007, 46, 5852—-5860.

H. C. Aspinall, in Rare Earth Oxide Thin Films. (Eds.: M. Fanciulli, G. Scarel), Springer
Berlin, Heidelberg, 2006, pp. 53—72.

M. Shibasaki, N. Yoshikawa, Chem. Rev. 2002, 102, 2187-2209.
M. Shibasaki, H. Sasai, T. Arai, Angew. Chem., Int. Ed. Engl., 1997, 36, 1236—-1256.

M. Shibasaki, H. Groger, in Lanthanides Chemistry and use in Organic Synthesis,
Volume 2 (Ed.: S. Kobayashi), Springer Berlin, Heidelberg, 1999, pp. 199-232

H. C. Aspinall, J. L. M. Dwyer, N. Greeves, A. Steiner, Organometallics 1999, 18,
1366-1368.

H. C. Aspinall, N. Greeves, J. Organometalic Chem. 2002, 647, 151-157.



[25]

[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

H. C. Aspinall, J. F. Bickley, J. L. M. Dwyer, N. Greeves, R. V. Kelly, A. Steiner,
Organometallics 2000, 19, 5416-5423.

K. G. Caulton, L. G. Hubert-Pfalzgraf, Chem. Rev. 1990, 90, 969-995.

R. C. Mehrotra, A. Singh, U. M. Tripathi, Chem. Rev. 1991, 91, 1287-1303.

J. Marg¢alo, A. P. De Matos, Polyhedron 1989, 8, 2431-2437.

M. Deng, Y. Yao, Q. Shen, Y. Zhang, S. Jin, Dalton Trans. 2004, 4, 944-950.
B. Liu, Y. Yao, M. Deng, Y. Zhang, Q. Shen, J. Rare Earths 2006, 24, 264-267.
I. Korobkov, S. Gambarotta, Organometallics 2009, 28, 4009—4019.

A. C. G. Shephard, S. H. Ali, J. Wang, Z. Guo, M. S. Davies, G. B. Deacon, P. C. Junk,
Dalton Trans. 2021, 50, 14653—-14661.

R. Qi, B. Liu, X. Xu, Z. Yang, Y. Yao, Y. Zhang, Q. Shen, Dalton Trans. 2008, 5016—
5024.

X. Xu, M. Hy, Y. Yao, R. Qi, Y. Zhang, Q. Shen, J. Mol. Struct. 2007, 8§29, 189—-194.

Y. X. Zhou, J. Zhao, L. Peng, Y. L. Wang, X. Tao, Y. Z. Shen, RSC Adv. 2016, 6, 22269—
22276.

X. Xu, Z. Zhang, Y. Yao, Y. Zhang, Q. Shen, Inorg. Chem. 2007, 46, 9379-9388.

B. Xu, L. Huang, Z. Yang, Y. Yao, Y. Zhang, Q. Shen, Organometallics 2011, 30, 3588—
3595.

S. H. Ali, A. C. G. Shephard, J. Wang, Z. Guo, M. S. Davies, G. B. Deacon, P. C. Junk,
Chem. Asian J. 2022, 17,¢202101328.

Z. Liang, X. Ni, X. Li, Z. Shen, Inorg. Chem. Commun. 2011, 14, 1948-1951.
X. Xu, M. Ma, Y. Yao, Y. Zhang, Q. Shen, Eur. J. Inorg. Chem. 2005, 676—684.

B. D. Mahoney, N. A. Piro, P. J. Carroll, E. J. Schelter, Inorg. Chem. 2013, 52, 5970—
5977.

J. Yu, G. Wu, J. Huang, W. Sun, Z. Shen, Sci. China, Ser. B Chem. 2009, 52, 1711—



1714.

[43] Y.F.Tan, X.P. Xu, K. Guo, Y. M. Yao, Y. Zhang, Q. Shen, Polyhedron 2013, 61, 218—
224.

[44] X. Xu, Z.Zhang, Y. Yao, Y. Zhang, Q. Shen, Inorg. Chem. 2007, 46, 9379-9388.

[45] Z.Guo, R. Huo, Y. Q. Tan, V. Blair, G. B. Deacon, P. C. Junk, Coord. Chem. Rev. 2020,
415,213232.

[46] L. Fang, Y. Yao, Y. Zhang, Q. Shen, Y. Wang, Zeitschrift fur Anorg. und Allg. Chemie
2013, 639, 2324-2330.

[47] D. V. Gribkov, K. C. Hultzsch, F. Hampel, Chem. Eur. J. 2003, 9, 4796-4810.

[48] P. L. Arnold, L. S. Natrajan, J. J. Hall, S. J. Bird, C. Wilson, J. Organometalic Chem.
2002, 647, 205-215.

[49] D. M. Lyubov, A. O. Tolpygin, A. A. Trifonov, Coord. Chem. Rev. 2019, 392, 8§3—145.



	1. Introduction
	1.1 Methylenebiphenol Ligands
	1.2 Rare earth biphenolate coordination modes

	2. Synthesis of rare earth biphenolate complexes
	2.1 Divalent lanthanoid biphenolate complexes by salt elimination metathesis
	2.2 Divalent lanthanoid biphenolate complexes by protolysis/ligand exchange
	2.3 Trivalent lanthanoid biphenolate complexes by salt elimination metathesis
	2.4 Trivalent lanthanoid biphenolate complexes by protolysis/ligand exchange
	2.5 Trivalent lanthanoid biphenolate complexes by redox transmetallation/protolysis
	2.6 Tetravalent lanthanoid biphenolate complexes

	3. Catalysis
	3.1 Divalent lanthanoid biphenolate catalysts
	3.2 Trivalent lanthanoid biphenolate catalysts

	4. Conclusions and Future Perspectives
	5. Acknowledgements
	6. Conflicts of Interest
	7. References

