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1. Introduction

lonic liquids are salts with a low melting point (below
100°C).1~8 Several types of ionic liquids are liquid at room
temperaturerbom-temperature ionic liquidsr RTILS). The
cations of ionic liquids are often large organic cations, like
imidazolium? pyridinium. pyrrolidinium,” quaternary am-
monium?® or phosphonium ior¥$? (Figure 1). Especially the
1-alkyl-3-methylimidazolium ions are often used as the
cationic part of ionic liquid$:* Whereas Ci and Br vyield
hydrophilic ionic liquids (miscible with water), fluorinated
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anions like [Pk~ allow preparation of hydrophobic ionic
liquids (immiscible with water}.The hydrophobicity of ionic
liquids containing [BR]~ depends on the alkyl chain length
of the associated catidnRecently, the bis(trifluoromethyl-
sulfonyl)imide anion, [(CESQO,).N]~ (abbreviated to [T:N] ),

has become a popular anion for synthesizing hydrophobic
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Figure 1. Examples of cations commonly used in ionic liquids:
(1) 1-alkyl-3-methylimidazolium; Z) 1-alkylpyridinium; @) qua-
ternary ammonium;4) 1,1'-dialkylpyrrolidinium; () 1,1-dialkyl-
morpholinium; 6) phosphonium.
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o /CFa as extraction solvent in liquidliquid solvent extraction
>s processes for the separation of metal #ré and as
/@\ PFe e 7 N\ electrolytes in batteriés*® or in photovoltaic device$' 46
He NS e, — The chloroaluminate ionic liquids should be mentioned
O// \ca here as well, because they are early examples of room-
[C,mim][PFe] [C4mim][Tf,N] temperature ionic liquids#"*® They can be prepared by
combination of anhydrous aluminum chloride (AdtWith
1-ethyl-3-methylimidazolium chloride, Eghim]CI,*° or with
1-butylpyridinium chloride, [BuPy]C¥ Although they suffer
/@\ BFy /@\ AlCly from an extreme sensitivity to even small amounts of water,
e NN~ c.r, T A these systems exhibit a very interesting chemistry. The Lewis
acid—base properties of chloroaluminate ionic liquids depend
) on their composition or more particularly on the molar
[C,mim][BF,] [C,mim][AICI,]

fraction of aluminum chloride. Melts with a molar excess
Figure 2. Commonly used imidazolium ionic liquids. of aluminum chloride are acidic because they contain
coordinatively unsaturated species likeJ8k] ~ that exhibit
Lewis acidity. Melts with a molar excess of the organic salt
are basic, because they contain chloride ions that are not

ionic liquids have relatively low viscosities and high electrical coordinated to aluminum (*free” chloride ions). In acidic
9 y 9 ionic liquid systems, the molar fraction of aluminum chloride

conductivities. Due to their hydrophobicity, they can be dried is larger than 0.5, that i%(AICls) > 0.5, whereas in basic

to very low final water contents. Metal-containing species melts, X(AICI5) <'05. The cor?‘nposit.io,n WIthK(AICI ) =
(anions or cations) can be an integral part of ionic liquids, o 55c’called neutral. In chloroaluminate ionic liquids, species
not only in the chloroaluminate ionic liquids but in other like CI-, [AICI,]~, [Al,Ch]~, [AlsClig~, and [ALCI] can
types of ionic liquids as welf> Because the properties of )." joiactad  When metal salts are dissolved in basic
lonic Ilqwds '(.mISCIbI|Ity with water and .Othef SO'Ve”?S' chloroaluminéte ionic liquids, anionic species tend to be
dissolving ability for metal salts, polarity, viscosity, density, formed (due to the presenc,e of chloride ions), whereas

etc.) can be tuned by an appropriate choice of the anion and ;o i species dominate in acidic chloroaluminate ionic
the cation, ionic liquids can be considered dessigner liquids

solvents
The use of room-temperature ionic liquids in synthesis, This review on lanthanides and actinides in ionic liquids

catalysis, separations, and electrochemistry has become verjitends to give an overview of the properties and applications

common in recent yeats. The vapor pressure of an ionic of f-elemer_lts in room-temperature ionic_liqgid_s. Although_
liquid is very low, so ionic liquids are nonvolatile and do Many studies have been devoted to ionic liquids and their
not evaporate. However, ionic liquids can be distilled under @pplications, only few researchers have explored the com-
high vacuur® It has been proposed to use ionic liquids as bination of ionic liquids with the coordination chemistry of
environmentally friendly alternatives for volatile organic !anthanides and actinides. However, this research field is
solvents217-19 |onic liquids are fluid over a broad temper- €merging, and a review could be helpful to draw attention
ature range, from the melting point to the onset of thermal t0 the potential of incorporation of the f-elements in ionic
decomposition. Because many ionic liquids are nonflam- liquid media. First, theoretical and experimental studies of
mable and nonexplosive, they are much safer to work with the solvation of f-elements in ionic liquids are considered.
in the lab than the conventional organic solvents. However, 1€ Spectroscopic properties of lanthanide and actinide ions
one should keep in mind that only a limited number of in- in ionic liquids are discussed with special emphasis on the
depth toxicological studies have been performed on ionic luminescence properties. Due to their ionic nature and redox
liquids, so one cannot state that ionic liquids are intrinsically Stability, ionic liquids can be used as solvents for lanthanide
“green solvents® lonic liquids with fluorinated anions, and ~ 19nS in unusual oxidation states. Metals of the f-elements
especially those containing the hexafluorophosphate anion,and their alloys can be deposited for these solvents. The
are prone to hydrolysi&. This can lead to the formation of behavior of ionic liquids in solvent extraction of metal ions
toxic and corrosive products like hydrogen fluoride. Due to 1S compared with that of molecular solvents. The application
their ionic nature, ionic liquids conduct electricity by jon ©f ionic liquids for the processing of spent nuclear fuel rods
migration. lonic liquids have a very wide “electrochemical 1S considered. In this context, the stability of these solvents
window”, so they are very resistant to oxidation and @adainstradiation damage is an importantissue. An overview
reduction processéd By dissolution of metal salts in ionic of lanthanide-mediated organic reactions in ionic liquids is

liquids, reactive metals can be deposited and purified by 9iven. Finally, some applications in materials sciences are

polarity is comparable with that of the lower alcohots (  emperature molten salts is outside the scope of this review.
propanoln-butanol n-pentanolp25In contrast to other polar 1 Nhe literature has been covered until early January 2007.
organic solvents, ionic liquids are weakly coordinating and The term f-elements (or f-block elements) is used to
weakly solvating solvents. lonic liquids are good solvents designate the lanthanides and actinides, because in this series
for many organic and inorganic compourtéig® Higher rates of elements the 4f shell (lanthanides) or the 5f shell
and better selectivity in selected ionic liquids than in classical (actinides) is gradually filled. The lanthanides are the
solvents have been observed in the case of FrieQadfts elements with an atomic number between 57 (lanthanum)
reactions’®3!Diels—Alder reactions$? Heck reaction® and and 71 (lutetium), whereas the actinides are the elements
radical polymerization&! Catalysis in ionic liquids isa very ~ with an atomic number between 89 (actinium) and 103
popular research thenié83>37 |onic liquids can be applied  (lawrencium). The ternrare earthsis used for the lan-

ionic liquids, because the resulting ionic liquids are chemi-
cally and thermally more robust than ionic liquids with
[BF4]~ and [PR]~ anions (Figure 2)+~%4[Tf,N] -containing
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thanides in combination with scandium and yttrium. The lanthanide ions in these two ionic liquids depends on the
coordination chemistry of the f-block elements quite differs ionic radius of the lanthanide and decreases with decreasing
from that of the (middle and late) d-block elemeMts. ionic radius. The [P§~ and [AICl]~ ions tend to be
Although their exotic names might suggest that these bidentate ligands for the large lanthanide ions and mono-
elements are as toxic as other heavy metals, rare-earth saltdentate for the smaller metal ions, but both anions are weakly
have in fact a low acute and chronic toxicty. coordinating. Molecular dynamics calculations show that the
The use of ionic liquids as solvents for organic reactions [PFs]~ anions rotate rapidly in the first ionic shell, but the
is in accordance with théfwelbe Principles of Green  [AICI4]~ anions do not. A subsequent study focused on the
Chemistry?® but there are several reasons why the combina- behavior of LnC{ and the charged [Lng]F~" species in ionic
tions of lanthanides and actinides with ionic liquids are liquids (Ln= La, Eu, Yb)5! The simulations reveal that the
relevant to green chemistry. lonic liquids can replace the octahedral [LnGj]*~ complexes are important species in the
volatile and flammable kerosene fraction in solvent extraction [Csmim][PFg] and [Gmim][AICI ] ionic liquids. The [LnC¥]*~
processes that are used for the separation of rare-eartl@anions are surrounded by nine to ten imidazolium cations
elements (fifth principle of green chemistry: safer solvents (Figure 3). The [LnGj]®>~ complexes are unstable in the gas
and auxiliaries). The production of rare-earth elements in
their metallic state presently relies on high-temperature
molten salt technology. Molten salt technology is also of
importance for some steps in the processing of spent nuclear
fuel rods. When the molten salts in these processes can be
replaced by room-temperature ionic liquids, a huge saving
in energy costs can be achieved (sixth principle of green
chemistry: design for energy efficiency). Boron-containing
ionic liquids have a large cross-section for neutron capture.
The use of this type of ionic liquid for processing of spent
nuclear fuel rods can greatly reduce the risk of criticality
accidents (12th principle of green chemistry: inherently safer
chemistry for accident prevention). In several classes of
organic reactions where at least stoichiometric amounts of
strong Lewis acids (e.g., Alglor FeCk) are required,
catalytic amounts of lanthanide salts can give the same yields. |
This results in the generation of much less acidic waste (ninth
principle of green chemistry: catalysis; first principle of
green chemistry: prevention). Cerium(lV) salts are much
safer selective oxidants than transition metal salts like
chromium(VI) salts and osmium tetroxide (third principle
of green chemistry: less hazardous chemical syntheses).

2. Solvation and Solubility

2.1. Solvation

Solvation of ions by solvent molecules is an important
issue in the coordination chemistry of f-elemettt?. For
instance, the stability of the trivalent lanthanide ions in
aqueous solution can be attributed to the high hydration
energy, which compensates for the energy that has to be
invested to triply ionize these elemeffsSolvation is also
of importance to unders.t_and the behavior of f—el'ements.underFi ure 3. [YbCIA% complex in IGmimlPE]L. Snapshot of the
solvent extraction conditions. Chaumont and Wipff published firgt solvati[on shstl,ll of catFi)ons on[l)c/;(topg[amsj] of anri)omscations
detailed theoretical studies on this toﬁt‘?z Their molecular (bottom). Adapted from Figure S3 in the Supporting Information
dynamics calculations explicitly represent the solvent. In- of ref 59. Copyright 2004 American Chemical Society.
teresting conclusions were made on the basis of quantum
mechanics and molecular dynamics calculations on trivalent phase towards dissociation of one or two chloride ligands,
lanthanide ions in the ionic liquids 1-butyl-3-methylimida- but the complex is stabilized by solvation in an ionic liquid.
zolium hexafluorophosphate, jJ@im][PFs], and 1-ethyl-3- The LnCk, [LnCl4]~, and [LnCk]?~ species do not dissociate
methylimidazolium tetrachloroaluminate(lll), QIM][AICI 4. in the ionic liquids, and their first ionic shell is completed
The latter ionic liquid is a neutral chloroaluminate ionic by, respectively, three, two, and one FPFions and four,
liquid, AICI3; and [Gmim]CI in 1:1 molar ratio. The three, or one [AIC]]~ ions for Ln = Eu. The [LnC§]>
calculations predict that the trivalent lanthanide ions*Ln  species tends to lose two chloride anions and to be
(Ln = La, Eu, Yb), are surrounded by six [RF anions in transformed to the [LnGJ*~ species. However, the [Laft™
[Csmim][PF] and by 11-13 imidazolium ions in the second  species seems stable in,fAM][AICI4]. In basic AICk—
ionic spheré! It is also predicted that the “naked” lanthanide [C,mim]Cl ionic liquids (i.e., a chloroaluminate ionic liquid
cations are poorly soluble in [@im][PF]. In [Comim]- with an excess of chloride ions), calculations predict the
[AICI 4], the trivalent lanthanide ions are surrounded by eight existence of different chloro complexes forEwand E3*.6°
[AICI 4]~ anions. The actual coordination number of the Lipsztajn and Osteryoung studied the solvation behavior of
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NdCl; in AICI3—[C,mim]CI ionic liquids® In a “neutral
basic” AIC;—[C.mim]Cl ionic liquid (i.e., a 1:1 molar ratio,
with a slight excess of the organic salt), the [Ng&lspecies
could be identified. In a “neutral acidic” Alg+[C,mim]Cl
ionic liquid (i.e., a 1:1 molar ration, with a slight excess of
AlICl3), no [NdCE]®*~ complexes are present, but here the
neodymium(lll) ion is solvated by either [AlIGIF or
[Al.Cl7]~. Unfortunately, NdG has a very low solubility in
these “neutral acidic” melts, so a detailed study was difficult.
Simulations show differences in solvation behavior in wet
and dry ionic liquid$® As indicated above, the El is
coordinated by [P~ anions in dry [Gmim][PFg]. In a wet
[Camim][PF], the E&#* ion is surrounded by water mole-
cules only, whereas the [EJF ions are in the second ionic

Chemical Reviews, 2007, Vol. 107, No. 6 2595

indicate that the coordination number of the europium(lil)
ion is between eight and nine in the ionic liquidsfi@im]-
[PFg], [Camim][BF,], [Camim][OTf], and [Cimim][Tf.N].
The molecular dynamics simulations on both the “naked”
Euwt ion and on nondissociated Eu(O3fyave similar
results. The calculations suggest that the triflate anions are
coordinated to europium(lll) in [£nim][PFs] and dissociated

in [Camim][BF,4] and [Gmim][Tf,N]. In contrast to the
theoretical predictions, addition of chloride and fluoride ions
to the europium(lll)-containing [€nim][PFg] ionic liquid

did not result in the formation of chloro or fluoro complexes.
Trichloro complexes are formed in j@im][BF; and
hexachloro complexes in [@im][Tf,N]. Complex formation
between E®&" and chloride ligands could be observed in

shell and H-bonded to the coordinated water molecules. The[C,mim][OTf], but it was not possible to determine the exact
[Eu(H0)o]*" complexes are embedded in a shell of seven stoichiometry. This study shows that kinetic effects are very
or eight [PF]~ anions. In the case of the [Eufft complex important for complex formation between europium(lil) and
in wet [C;mim][PFs], water molecules are in the first ionic  chloride ligands in ionic liquids. A correlation could be found
shell, but [Gmim]* cations are not. Water can coordinate between the viscosity of the ionic liquid and the number of
to [EuCk]®*", so mixed aquechloro species are formed. chloride ligands bound to europium(lll). In viscous ionic
Because the chloro species have a stronger tendency tdiquids, complex formation is slow, and it takes several days
interact with the water molecules present in the ionic liquid before thermodynamic equilibrium is reached. Probably for
than with the ionic liquid molecules themselves, the chloro this reason no complex formation was observed during the

complexes are more soluble in wet than in dry ionic liquids.
A molecular dynamics study of the solvation of the fluoro
complexes [Euff®™ in the ionic liquid [Gmim][PF]

revealed that the species with the highest fluorine content

in the ionic liquid should be [EuWf .62 Complexes like
[EuFi]”~ and [EuF]* tend to lose fluoride ligands in ionic
liquid solutions with the formation of the [E4F~ species.

Fluoro species with less than six fluoro ligands bonded to

the europium(lll) ion contain [P anions in the first

coordination sphere. The anionic complexes are surrounde

by six to nine [Gmim]* cations. The calculations show that

the hexafluoro complexes are more stable than the corre-
sponding hexachloro complexes. The crystal structure of tris-

(1-ethyl-3methylimidazolium) hexachlorolanthanate(lll),
[Comim][LaClg], clearly shows the hydrogen bonding be-
tween the chloro atoms of the octahedral [L4€] moiety

and the hydrogen atoms of the imidazolium ring (Figuré*4).

)

Figure 4. Molecular structure of tris(1-ethyl-3-methylimidazolium)

hexachlorolanthanate(lll). The atomic coordinates were taken from

ref 64.

A luminescence study of Etiin the ionic liquid [Cmim]-
[TfoN] indicates that water molecules instead of N~
anions coordinate to the europium(lll) iéhAddition of
chloride ligands resulted in the formation of different chloro

experiments in [@mim][PFg], the most viscous ionic liquid
studied.

The coordination chemistry of actinides in ionic liquids
as recently been reviewed by Rogers and co-wofers.
Uranium(VI) oxide solubilizes in basic chloroaluminate ionic
liquids to form a series of uranyl chloro complexes that can
be formulated as [UECl4,]@+D-, wherex = 0—25° The
research groups of Seddon and Hussey studied the struc-

dture of the uranium salts 1-ethyl-3-methylimidazolium hexa-

chlorouranate(lV), [@nim];[UClg], and tetrachlorodioxo-
uranium(V1), [Gmim];[UO,Cl].7° The crystal structures of
these compounds have been reported. A recent hydrogen
bonding analysis of these complexes revealed that donor
hydrogen atoms of low acidity, like the methylene protons
of the ethyl group and the protons of the methyl group form
C—H---Cl hydrogen bonds, whereas the much more acidic
C2 proton of the imidazolium ring is not involved in
hydrogen bonding!"?In the [UO,Cl4]?>~ group, the negative
charge is concentrated on the four equatorial chloro ligands,
rather than on the axial oxygen ligands.

The behavior of the [Ug?", UO,(NOs),, UO.Cl,, and
[UO,Cl,]?~ species in the ionic liquids fmim][PFs] and
[Comim][AICI 4] were compared by using molecular dynamics
calculations® The calculations predict that the free uranyl
ion in [Cymim][PFg] is surrounded on average by six [{PF
anions and that these [E]F groups freely rotate. The free
uranyl ion in [Gmim][AICI 4] is surrounded by a fairly rigid
shell of [AICI,]~ anions that shield the uranyl ion from the
[Comim] ™ cations in the second shell. The first ionic shell
of the neutral species UONOs), and UQCI, consists mainly
of [PFs]~ or [AICI4]~ anions. The imidazolium cations
efficiently solvate the [UGCI,]>~ complexes: each [UL14]%~

species. The luminescence spectrum of the complex formedion is surrounded by six to nine imidazolium cations.
at high chloride concentrations is similar to the spectrum of According to the molecular dynamics calculations, the

[EuClg]®~ in ethanolf® Gaillard and co-workers investigated

solvation of the uranyl ion is different in dry and wet ionic

by time-resolved luminescence spectroscopy and by EXAFSIiquids. In wet [Cmim][PF], the uranyl ion forms [UQ@

the influence of the anion in [@im]* ionic liquids on the

first coordination sphere of the trivalent europium(lll) ion,
which was dissolved in the ionic liquids in the form of
europium(lll) triflate, Eu(OTf.57 The experiments were

(H,0)s]?* complexes that are surrounded by eight JPF
anions:® In the same wet ionic liquid, [UETI4)>~ complexes
are surrounded by a shell of water molecules, followed by a
shell of [Gmim]* cations. Simulations show that the

supported by molecular dynamics calculations. EXAFS data [UO,Cl,]>~ complex is the dominating species in basic
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AICI3—[Comim]Cl ionic liquids8° Mizuoka and lkeda assume  excellent metal-salt solubilizing powé&.82 When assessing
that the uranyl ion exists in the dehydrated 1-butyl-3- the solubility of metal salts in hydrophilic ionic liquids, one
methylimidazolium nonafluorobutanesulfonate ionic liquid has to realize that these solvents tend to retain even after
as a naked cation, with no ligands in its equatorial pf&ne. drying a non-negligible amount of water. High solubilities
Experimental and theoretical studies on the interaction of ionic compounds in hydrophilic ionic liquids can often
between the uranyl ion and fluorinated anions in acidic be attributed to the solubilizing properties of the water present
aqueous solutions have been performed to get insight in theand not to the ionic liquid itself. On the other hand,
ability of these ligands to coordinate to the uranyl ion in coordination complexes can be solubilized in ionic liquids,
wet ionic liquids?4 It was found that the [BN]~ ion does especially hydrophobic or anionic complexes. A trick to
not coordinate to the uranyl ion so that uranyl will be solubilize metal salts in an ionic liquid is to dissolve both

coordinated by water molecules in wet 4f@m][Tf,N]. the metal salt and the ionic liquid first in an organic solvent
However, [Pk~ and [BR]~ are able to compete with water  (or water), followed by evaporation of the solvent. Finally,
molecules for coordination to the uranyl ion. [W@F)]* it should not be forgotten that many ionic liquids have a
and [UG(BF4)]* can be formed. high viscosity. The slow mass transfer in viscous ionic liquids

Schurhammer and Wipff have investigated by molecular can slow down the dissolution process of metal salts.
dynamics the solvation of the uranium hexachloro complexes Afonso and co-workers investigated the solubility of LaCl
[UCIg]"™ (n = 1, 2, 3) in the hydrophobic ionic liquids in different imidazolium ionic liquids, and the results show
[Camim][Tf2N] and [(CHs)(CaHg)sN][TT2N].”® The solvation that the solubilities are very lo#.For instance, in 100 g of
of the complexes depends both on the uranium oxidation 1-butyl-3-methylimidazolium hexafluorophosphate,f@m]-
state and on the nature of the ionic liquid. The first [PFg], only 0.658 mg of LaQd can be dissolved at room
coordination shell of [UG]®~ contains only solvent cations.  temperature. The solubility of Lagh tetrafluoroborate ionic
The first solvation shell is surrounded by a second shell that liquids is higher than that in the corresponding hexafluoro-
is mainly anionic in nature. The first solvation shell of the phosphate ionic liquids. The presence of ether or hydroxyl
less charged [UG)~ complex is also positively charged but  functional groups in the alkyl chains of the cationic part of
consists of a mixture of solvent cations and anions. The the ionic liquids enhances the solubility of salts, but in none
solvation behavior of [UG]?™ is intermediate between that of the cases the solubility of Lagk higher than 29 mg per
of [UCIg]®~ and [UCE] . Notice that [UC§]?>~ with uranium 100 g of ionic liquid. This stands in contrast to the high
in its tetravalent state is chemically the most stable hexachlo-solubility of LaCk in water, 49.2 g per 100 g of water (at
ro complex of uranium. The calculations indicate that the 25°C)! Addition of poly(ethylene glycol) (PEG) to an ionic
hexachloro complexes are better solvated by{igh][Tf,N] liquid® can also increase the solubility of inorganic salts, but
than by [(CH)(C4Ho)sN][TfoN]. The presence of water this has not been tested for lanthanide salts yet.
molecules has only little effect on the solvation of the  Tsuda and co-workers determined the solubility of LaCl

[UCIg]™ species. in AICI3—[Comim]CI ionic liquids® They observed the
Upon dissolution of [@mim][NpCls] and [Gmim],- highest solubility of Lad in acidic chloroaluminate ionic
[PuCl] in the ionic liquid [Cmim][Tf.N], the octahedral  liquids, that is, systems where a high concentration of the

hexachloro complexes [Npg# and [PuC§]Z are preserved  [Al2Cl7]~ anion is present. The highest solubility of LgCl
in solution’® These complexes are stable against hydrolysis at 25°C is 45+ 5 mmol/kg, which corresponds to 1.1 g per
in water in wet [Gmim][Tf,N]. However, when [Gmim]CI 100 g of ionic liquid. The dissolution reaction is thought to
is added to the [@nim][Tf,N] ionic liquid, precipitation of be

solid compounds is observed. Although these solid com-

pounds were not characterized in detail, it can be assumed LaCl, + 3[Al,Cl]” = La® + 6[AICI ] 1)
that oligomeric or polymeric species with a chloride-to-metal
ratio higher than six are formed. Time-resolved laser
fluorescence spectroscopy data show that the coordination
of curium(lll) in the ionic liquid [Gmim][Tf,N] is very
similar to that of europium(lll) in the same ionic liquid.

Scandium(lll) triflate is only slightly soluble in [fnim]-
[PFe], but it is well soluble in [Gmim][BF,4] and [Gmim]-
[OTf].85 The same solubility behavior was reported for
dysprosium(lll) triflate®® Mehdi et al. investigated the
2.2. Solubility solubility of cerium(1V) salts in imidazolium ionic liquid®.

- The following cerium(IV) salts were selected: ammonium

Contrary to common belief, most ionic liquids are not hexanitratocerate(lV), cerium(IV) sulfate dihydrate, cerium-
“supersolvents” in which all kinds of materials including (IV) ammonium sulfate, cerium(lV) ammonium sulfate
rocks can be dissolved without any problem. In fact, the dihydrate, cerium(lV) hydroxide, cerium(lV) triflate, and
solubility of common inorganic ionic compounds like sodium hydrated cerium(1V) triflate. A general observation is that
chloride in the classic imidazolium ionic liquids is very Id%v.  cerium(lV) salts can only with difficulty be dissolved in
This low solubility is due to the poor solvating power of imidazolium ionic liquids. Among the cerium(lV) salts that
ionic liquids with weakly coordinating anions like [BF, were investigated, only ammonium hexanitratocerate(1V)
[PRg]~, or [Tf,N]~ and to the modest polarity of ionic liquids, (CAN) and cerium(IV) triflate (anhydrous and hydrated) were
which is comparable to that of the lower alcohols. The well soluble. The triflate ionic liquids are the best choice to
solubility of metal salts is better in ionic liquids with  solubilize cerium(lV) salts.
coordinating anions, like chloride ions. Chloroaluminate ionic ~ There are only a limited number of data on the temperature
liquids are good solvents for a range of transition metal salts, dependence of the solubility of lanthanide salts in ionic
including lanthanide and actinide salts. The solubility of liquids available, but there are indications that the solubility
metal salts in so-callethsk-specific ionic liquidscan be increases with increasing temperature (as is the case for the
higher than that in the common types of ionic liquids, because solubility in many other solvents). Mudring took advantage
the task-specific ionic liquids can be designed to exhibit of this property to crystallize [mppylYb(Tf2N)4] from a
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solution of the ionic liquid 1-methyl-1-propylpyrrolidinium  ion will not coordinate to lanthanide ions in wet ionic liquids
bis(trifluoromethylsulfonyl)imide, [mppyr][TAN].%¢ Notice and that in this case the first coordination sphere contains
that this compound contains divalent ytterbium. The sol- only water molecules. However, in dry ionic liquids or in
ubility of Eul, in [Csmim][PFs] was estimated to be 2 ionic liquids with a low water content, the situation is
mmol L~1.88 different, and the [TAN]~ ion can no longer be considered
Very high solubilities of rare-earth oxides were observed as a noncoordinating anion. The interaction o&LNJf~ with
in the task-specific ionic liquid protonated betaine bis- lanthanide ions can be studied by different spectroscopic
(trifluoromethylsulfonyl)imide, [Hbet][TiN].8° Hbet stands ~ methods such as absorption spectroscopy, luminescence
for (CH3)sNTCH,COOH. The high solubility is due to the spectroscopy, and EXAFS. Direct information on the coor-
acid—base reaction between protonated betaine and the raredination modes can be obtained from crystal structures of
earth oxide LrO; so that complexes of the type [Ln(bgt) the metal complexes. Although the compounds that crystal-
[Tf2N] are formed. lize from a solution do not necessarily have the same
For LaCk and CsUCle, solutions of at least 0.05 molt& stoichiometry as the complexes dissolved in the solution,
can be prepared in ethylammonium nitrate at°25° The single-crystal X-ray data can give valuable information. A
tetravalent uranium in GEClg can be oxidized in this ionic ~ few examples of crystal structures of lanthanide(lll) bis-
liquid to uranyl by an oxygen flow: (trifluoromethylsulfonyl)imide complexes have been pub-
lished. [La(TtN)3(H.0);] crystallizes in the cubic space
U*" + Oy + 2 CI — U0, + Cly ) groupP2,3 (Figure 6). The [TAN]~ ligand acts as a bidentate

Upon addition of L;O to these solutions, both k@; and
UQ; precipitate. Interestingly, the precipitate obtained from
solutions that have originally a U/La ratio of 1 were found
to have a U/La ratio of 4. The solid phase is thus enriched
in uranium in comparison to the solution. This can be
explained by the higher solubility of UQhan LgOs in the
ionic liquid.

2.3. Lanthanide Complexes as Major lonic Liquid
Components

In most of the ionic liquid systems described in this re-
view, lanthanide and actinide salts are dissolved in an ionic
liquid. However, there are also ionic liquids that contain
f-elements as a main component. Examples are the inor-
ganic ionic liquids that are based on lanthanide-containing
polyoxometalate anions with the Keggin structure,
Naga[LN(TiW 11039)2]:xH20. (x varies between 27 and 4%).
Water is a necessary component in these ionic liquids; upon
loss of the constituent water molecules, the ionic liquids are
transformed into “mudlike” solids. The ionic liquids are
immiscible with all common organic solvents and water at
room temperature. However, at higher temperatures, they are
miscible with water. Nockemann et al. reported on room- rigre 6. Molecular structure of [La(BN)s(H20)s]. The atomic
temperature ionic liquids based on anionic rare-earth thio- coordinates were taken from ref 93.
cyanate complexe®. Different stoichiometries have been
observed, and the complexes can be represented by théigand, and coordination occurs through an oxygen atom of
general formula [@mim],—s[Ln(NCS)(H20),] (x = 6—8;y each sulfonyl grouf® Because of the additional coordination
= 0-2;x+y < 10; Ln =Y, La—Yb) (Figure 5). These  of three water molecules, the coordination number of the

lanthanum(lll) ion is nine. The coordination polyhedron can

AN x be described as a tricapped trigonal prism, and the three water
(&) [L”(Ncs)x(”zo)V] molecules form the bottom triangular face of the trigonal
x3 prism. The three [TN]~ ligands bind to the central metal
Figure 5. Structure of [Gmim],—s[Ln(NCSK(H:0),] (x = 6—8;y ion in a propeller-like arrangement, which makes the
=0-2;x+y<10;Ln=Y, La=Yb). complexes chiral. Of the eight coordinating units in the unit

cell, four have theA absolute configuration and four have
the A absolute configuration. The fact that N~ is a
weakly coordinating anion towards trivalent lanthanide ions
is nicely illustrated in recent work by Babai and Mudri{g.
P o By reaction of anhydrous praseodymium(lll) iodide with the
2.4. Bis(trifluoromethylsulfonyl)imide Complexes ionic liquid [bmpyr][THN] (where bmpyr is 1-butyl-1-
Given the omnipresence of the bis(trifluoromethylsulfo- methylpyrrolidinium), crystals of [ompyiPrl¢][Tf .N] were
nyl)imide ion, [T,N]~, as anion in different classes of ionic obtained. Above each face of the [}#I octahedra, one
liquids*~1314 it is of importance to get insight in the 1-butyl-1-methylpyrrolidinium cation is tangentially located.
coordination behavior of this anion. Because theNIf ion [TfoN]~ anions fill the remaining space. To force the bis-
is a weakly coordinating anion, it can be expected that this (trifluoromethylsulfonyl)imide anion to coordinate to the

ionic liquids are miscible with hydrophobic ionic liquids like
[Csmim][Tf,N]. However, the rare-earth-containing ionic
liquids are completely hydrolyzed in aqueous solutions.
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lanthanide ion, the authors reacted Ps)§ with the ionic
liquid [bompyr][Tf2N]. In this case, a crystalline compound
with the composition [bmpys[Pr(Tf,N)s] was obtained. In
the crystal structure, sheets formed by [Ps{)E]%~, which
are separated by layers of [bmpyr¢ations. The crystal
structures of [obmpyg[Lalg][Tf.N] and [bmpyr}[Erle][TfN]
have been reported later 8hWith divalent ytterbium,
[TfoN]~ forms the complex [mppys[Yb(Tf2N)4], where
mppyr is 1-methyl-1-propylpyrrolidinium (Figure 7§ Here,

Figure 7. Molecular structure of [mppys]Yb(Tf2N)4]. The atomic
coordinates were taken from ref 96.

the coordinating unit is an anionic tetrakis complex, which
shows similarities with the well-known tetrakisdiketonate
complexes$’ A subsequent study described the crystal
structures of [bmpyglLn(TfoN)s] (Ln = Nd, Tb) and
[bmpyr][Ln(Tf2N)4] (Ln = Tm, Lu).%8 In these compounds,
only coordination via the oxygen atoms of theN[f~ anion

Binnemans

3. Spectroscopic Properties

3.1. Trivalent Lanthanide lons

The trivalent lanthanide ions have special spectroscopic
properties because the 4f valence shell is shielded from the
environment around the lanthanide ion by higher lying closed
shells!02103 Therefore the weak intraconfigurational-ff
transitions show sharp line transitions. A lanthanide spectrum
resembles more an atomic spectrum than a transition metal
spectrum. In addition, some lanthanide ions exhibit a strong
photoluminescence, so the lanthanides are of interest for
luminescence applications. The luminescence can be in the
visible (e.g., E&", Tb®") or in the near-infrared part of the
spectrum (e.g., Nd, ER", Yb®"). The spectroscopic proper-
ties of the lanthanide and actinide ions are somewhat similar,
although the absorption bands of actinide ions are in general
more intense than those of the lanthanide ions. This can be
explained by the less effective shielding of the 5f valence
shell from its environment (in contrast to the 4f shell of the
lanthanide ions).

The luminescence of the Euion can be used to probe
the local environment of lanthanide ions in ionic liquids.
Changes in the crystal-field fine structure observed in high-
resolution emission spectra reflect small changes in the first
coordination sphere of the Euion. For instance, the
interaction between Et and halides (chloride/fluoride) in
anhydrous 1-butyl-3-methylimidazolium ionic liquids with
different anions ([BE~, [PR]~, [OTf]~, [TfoN] ") has been
investigated” The effects of water and added chloride ions
on the spectra of B in the ionic liquid [Cmim][Tf,N]
were studied® Besides the crystal-field fine structure of the
spectra, also the luminescence decay time can provide
valuable information. For instance, the decay time of the

is observed and discrete anionic complexes of the typeseXcited statéD, of the EU* ion can be used to determine

[Ln(Tf2N)s)>~ and [Ln(TEN)4]~ are built. In the [Ln(T$N)s]>~
unit formed by the larger lanthanide(lll) ions, four piNj~
anions are bidentate, and oneJNf~ anion is monodentate,

so the coordination number of the lanthanide ion is nine.

the number of water molecules that is directly coordinated
to the E&" ion.1%* Monitoring the luminescence intensity

and the luminescence decay time as a function of the tem-
perature allowed detection of phase transitions in europ-

The coordination polyhedron can be described as a mono-lUM(lll)-containing ionic liquid crystals. Bueli and co-

capped square antiprism. In the [Ln§W),]~ unit formed
by the smaller lanthanide ions, four bidentate,N]f- anions
result in coordination number eight. The coordination

polyhedron is in this case a dodecahedron. This study also

points to the conformational flexibility of [EN]~ anions,
with the presence of bottisoid andtransoidconformations

of the anions. This can be an explanation for why it is so
difficult to obtain bis(trifluoromethylsulfonyl)imide complex
crystals of good quality. The influence of the alkyl chain
length of the pyrrolidinium ionic liquids on the type of
complexes that can be crystallized from this type of ionic
liquid is shown by the fact that after dissolution of Math
[bmpyr][TfoN] or in [mppyr][Tf.N], the complex [bmpyg}
[NdIg][Tf oN] precipitated from [bmpyr][TiN] and the com-
plex [mppyrk[Ndlg] from [mmpyr][Tf,N].%°

The divalent lanthanide iodides Snaind Ndb were found
to react with the ionic liquid triethylsulfonium bis(trifluo-
romethylsulfonyl)imide, [SE}[Tf-N], and single crystals of
[SEt]3[Ndle] and [SEt]s[Smlg] could be obtained® The
octahedral building units [Lg)®~ are surrounded by eight
triethylsulfonium cation in a distorted cubic arrangement.
The octanuclear europium(lll) cluster [bmpfBug(u4-O)-
(uz-OH)12(u-OTh)14(us-OTH][HOTS] 1 s has been synthesized
by reaction of acidic europium(lll) triflate with the ionic
liguid [obmpyr][OTf] in a sealed silica tube at 12 .2

workers investigated the spectroscopic properties of different
europium(lll) salts dissolved in 1-alkyl-3-methylimidazolium
chloride and nitrate ionic liquid crystat®® The neat ionic
liquid crystals showed blue fluorescence (ligand emission)
upon irradiation by ultraviolet radiation. Addition of a
europium(lll) salt partially quenched this blue fluorescence,
but at the same time, red europium(lil)-centered lumines-
cence was observed. This is due to energy transfer of the
excitation energy from the organic chromophores to the
europium(lll) ion. By a proper choice of the excitation wave-
length and counterion, the emission color could be tuned
from blue to red. lonic liquids have a beneficial effect on
the photostability of lanthanidg-diketonate complexe'$®

The g-diketonate complexes are being intensively studied
as molecular luminescent materiélsAlthough the lantha-
nide g-diketonates exhibit intense photoluminescence inten-
sities, they suffer from a low photochemical stability.
Irradiation of solutions of lanthanidé-diketonate by ultra-
violet radiation often leads to fast decomposition of the
complexes and of the ligands. It was shown that a europium-
(1) tetrakis(2-thenoyltrifluoroacetonate) complex dissolved
in 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide, [Cemim][Tf,N], has a much higher photostability than
when dissolved in acetonitrifé® The authors also showed
the crystal structure of the europium tetrakisliketonate
complex with [Gmim]* counterions (Figure 8).
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= Nd, Eu, Er, Yb; tta= 2-thenoyltrifluoroacetonate; phen
= 1,10-phenanthroline) dissolved in the ionic liquid crystal
1-dodecyl-3-methylimidazolium chloridé€® An interesting
observation is that the quantum efficiency of the [Ybéta)
(phen)] complex dissolved in the ionic liquid is higher than
that for the complex in the solid state. This indicates that
nonradiative relaxation processes are less important in the
ionic liquid solution than in the solid state. On the other hand,
the quantum efficiency of [Yb(ttajphen)] dissolved in
toluene is smaller than that in the solid state. For [Ndita)
(phen)], [Er(ttaj(phen)], and [Yb(ttag(phen)] the lumines-
cence decay times are slightly longer in the ionic liquid than
in the solid state. Once again, this illustrates the reduction
of the nonradiative relaxation processes in the ionic liquid
compared to these processes in the solid state. A spectro-
scopic study of Pgland Pr(T$N)s in the ionic liquid [bmpyr]-
[TfoN] (where bmpyr is 1-butyl-1-methylpyrrolidinium)
revealed that after excitation in tBE, level emission takes
place not only from théD, level but also from théP, and

3P, levels? This is one of the few cases where luminescence
starting from the’P; level was observed in the liquid state.
Figure 8. Molecular structure of [gmim][Eu(tta)], where Gmim Th'.s gnusual beh?"'of can be attrlbuted to the reduced
is 1-hexyl-3-methylimidazolium and tta is 2-thenoyltrifluoroaceto- radiationless deactivation of the excited states of tife Pr
nate. The atomic coordinates were taken from ref 106. ion in the ionic liquid. Also dysprosium(lll) iodide and

- _ terbium(lll) iodide show a strong photoluminescence when
lonic liquids are good solvents to study the infrared dissolved in an imidazolium ionic liquitt

luminescence of lanthanide complexes in solution, as was
illustrated by the infrared luminescence of Ndons in 3.2. Divalent Lanthanide lons
different imidazolium ionic liquids$®” This study shows that
the band shape and the intensity of the hypersensi@®yg

— “lgp transition (observable in the absorption spectrum at
ca. 586 nm) depends very much on the type of anion in the
ionic liquid (Figure 9). The dramatic effect of the water

The spectroscopic behavior of divalent europium differs
very much from that of trivalent europium. Whereas the
absorption and luminescence spectra of th& Exhibit the
typical line transitions due to the forbidden intraconfigura-
tional f—f transitions, the spectra of Eucontain intense

Wavenumber (™) broad bands due to the allowed interconfigurationad f
18000 17500 17000 16500 16000 transitions. Billard and co-workers studied the absorption and
L L L L L luminescence spectra of Bulissolved in [Gmim][PF].88

104 3.3. Uranium

UV —vis spectroscopy is a useful technique for the
8 speciation of uranium complexes, because each oxidation
state of uranium gives a typical spectrum. Although the
uranyl ion (dioxouranium(Vl) ion) has no f-electrons,
electronic transitions are possible between the molecular
orbitals formed by interaction between ligand and uranyl
41 atomic orbitals. The absorption and luminescence spectra of
uranyl compounds exhibit a characteristic vibrational fine
2 structuret!* Absorption spectra of uranium(VI) (uranyl),
uranium(V), uranium(lV), and uranium(lll) in ionic liquids
_— have been reportéd? Most of those studied have been
550 560 570 580 590 600 610 620 630 performed in chloroaluminate ionic liquids. The vibrational
fine structure in the absorption and luminescence spectra of
Wavelength (nm) the dioxouranium (uranyl) ion can be used to probe the local
— 40 at 586 nm of [Nd(ntal- in [CemimiBr (thin line) and of environment of this ion. Anderson and co-workers used
NdB?fin [Cemim]Br (E[hic(k I?]]e) He[ree, nta] is r(1aphthoy)ltriﬂu0r0- SpeCtrOS.COp'C met.hOdS to mom_tor the decompOSIt.lon of
acetonate and gim is 1-hexyi-3-methylimidazolium. UOCl, in an acidic AICk—[C,mim]CI melt!** Also in
studies on the mechanism of solvent extraction in ionic
content of the ionic liquid on the infrared emission was liquids, the absorption spectra of the uranyl ions were useful.
evident for neodymium(lll) iodide and erbium(lll) iodide The spectra of the octahedral hexachlorouranate(lV) com-
dissolved in carefully dried 1-dodecyl-3-methylimidazolium plex [UCl]?~ in the ionic liquids [Gmim][Tf,N] and
bis(trifluoromethylsulfonyl)imidé® Exposure of the samples  [(CH3)(C4Hg)sN][Tf.N] have been presentétf. The intensi-
to atmospheric moisture lead to a rapid decrease of theties of the complex in ionic liquids were higher than those
luminescence intensity to nearly zero intensity nBli and in acetonitrile, which was attributed to the stronger solvation
co-workers studied the visible and near-infrared luminescencein ionic liquids. The [UC§?™ is stable against hydrolysis in
of lanthanides-diketonate complexes [Ln(tigphen)] (Ln the ionic liquids.

E(Lmol" cm™

Figure 9. Absorption spectra of the hypersensitive transitiGg,
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Addition of >4 equiv of chloride ions to a solution of
[UO,][OTf], in the ionic liquids [Gmim][Tf,N] and
[(CH3)(C4Hg)aN][Tf2N] leads to the formation of the tetra-
chlorouranyl complex [UGCl4)?>~ .15 This complex has a very
typical absorption spectruf®!’The photoluminescence of
uranyl complexes is barely detectable in imidazolium ionic
liquids due to the background luminescence of the imida-
zolium cation. The [UGCI4)?>~ complex shows an intense
luminescence in the quaternary ammonium ionic liquid.

3.4. Other Actinides

Binnemans

composition (“neutral basic” and “neutral acidic” melts). This
extended electrochemical window allows the investigation
of redox systems that are inaccessible in acidic and basic
chloroaluminate melts. The redox behavior of europitim
and ytterbiur®* has been investigated by Gua and Sun in
AICI3—[Comim]CI ionic liquids. Billard and co-workers
report that the divalent europium ion is unusually stable in
the 1-butyl-3-methylimidazolium hexafluorophosphate ionic
liquid.®8 Trials to oxidize E&" in EW?" in [Cymim][PFs] by
K2Cr,0;, Ce(SQ),, or O, were unsuccessful. A solution of
EW" in [Cymim][PFe], left in a container without special
care, is stable for months. Europium(lll) is easier to reduce

Schoebrechts and Gilbert reported the absorption spectrag europium(ll) in imidazolium and ammonium ionic liquids

of neptunium(lll) and neptunium(lV) in different chloroalu-
minate ionic liquidst'® This work shows that [NpG]*~ and
[NpClg]?~ occur in basic chloroaluminate melts, whereas
[NpCL]@™7 (with 1 < x < 3) species are present in acidic
chloroaluminate ionic liquids. Nikitenko and Moisy studied
the absorption and diffuse reflectance spectra of [N3CI
and [PuC{]?>~ complexes in the ionic liquid [@nim][Tf,N].7®

than in aqueous solutioA®> Mudring et al. reported that the
divalent ytterbium ion is a stable species in a pyrrolidinium
ionic liquid.?® The redox behavior of the lanthanide com-
plexes [Ln(TEN)3(H20)3] (where Ln= La, Sm, Eu) in the
ionic liquid [(n-C4Hg)(CHs)3N][Tf2N] has been investigated
by cyclic voltammetry?® Whereas only one cathodic reduc-
tion peak could be observed for the lanthanum system, two

These studies revealed that these hexachloro Complexes algeduction peaks could be observed for the samarium and

stable against hydrolysis but not stable against addition of
chloride ions. Although time-resolved laser fluorescence

europium systems. This is consistent with the occurrence of
the L&*/Lal redox couple for lanthanum, with the redox

spectroscopy measurements indicate that the coordinationcouples Sr#t/Sn?t and Sna*/Sn? for samarium, and with

sphere of curium(lll) is very similar to that of europium-
(1) in the ionic liquids [Gmim][Tf,N], the two ions show

a different behavior with respect to luminescence quenching
by copper(ll) ions” Copper(ll) does not quench the lumi-
nescence of curium(lll) in [@nim][Tf:N] whereas the
luminescence decay time of europium(lll) decreases with
increasing copper(ll) concentration.

4. Redox Behavior and Electrodeposition of
Metals

4.1. Redox Behavior of Lanthanides

Lanthanide chemistry is dominated by the trivalent oxida-
tion state in aqueous solution (with the exception of'Eu
and Cé"), but other lanthanide ions in other oxidation states
than +3 can occur in the solid state and in nonaqueous
solutions?®:119.1291t js therefore not a surprise that lanthanide
ions in different oxidation states can occur in ionic liquids.
Several ionic liquids have a wide electrochemical window,
which means that they are stable over a large potential fange.
The electrochemical properties of lanthanide ions in chlo-
roaluminate ionic liquids have been reviewed by O’Do®Ell.
Acidic chloroaluminate ionic liquids are good solvents for
the stabilization of divalent lanthanide ions, partially due to
the weakly solvating power of the ionic liquid solvent. The
divalent lanthanide ions Sth, EW?t, Tn?*, and YIB were
prepared from the trivalent lanthanide ion by electrolytic
reduction of trivalent lanthanide salts dissolved in A€l
[Bupy]Cl ionic liquids?*1??However, the divalent ions are
much less stable in basic chloroaluminate ionic liquids. It
was suggested by O’'Donnell that divalent lanthanide ions
could undergo disproportionation in chloroaluminate ionic
liquids if the acidity of the ionic liquid is reduced to neutrality
and the ionic liquids are progressively more bd&cThe
disproportionation involves decomposition ofd‘rspecies
into Ln®" and LrP species. The presence of dispersed
lanthanide metal particles renders the basic ionic liquids
containing divalent lanthanides to strongly reducing mixtures.
The largest electrochemical window is observed for chlo-
roaluminate ionic liquids with a neutral or close to neutral

the redox couples BW/EW" and E@'/EW’ for europium.
However, all these redox reactions are irreversible, and as a
consequence, no anodic oxidation peak (stripping peak) could
be observed. Yamagata and co-workers investigated the elec-
trochemical behavior of samarium, europium, and ytterbium
in the ionic liquids [Gmim][Tf,N] and [Cmim][Tf,N].12¢
Tetravalent cerium is not stable in LiEKCI eutectic melts,
because cerium(lV) is reduced by chloride iéff/SCerium-

(IV) has a higher kinetic stability in AIGH[Cmim]Cl ionic
liguids, but it is eventually reduced to cerium(Itf The
half-life of cerium(lV) in this ionic liquid is 8 days at room
temperature. Both cerium(Ill) and cerium(IV) form hexachlo-
ro complexes, [CeGJ>~ and [CeC{]®> . This study also
shows that cerium(IV) can be generated by electrolysis in
basic chloroaluminate ionic liquids.

4.2. Redox Behavior of Uranium

The redox behavior of uranium species has been studied
in detail in chloroaluminate ionic liquid42 Major differences
were found between the behavior in acidic and in basic melts.
Surprisingly, UQCI, is not stable in an acidic chloroalumi-
nate melt!® The decomposition of uranyl is characterized
by a relatively rapid disappearance of [{]© to form an
intermediate that slowly reacts further to the uranium(V)
species [UG~ as the final product. The solvent acts as the
reducing agent, in which the species [AlCland [ALCI7]~
are oxidized to form chlorine gas. A detailed study of the
reaction mechanism has been performed in acidic AtCI
[Comim]Cl room-temperature ionic liquids. The first steps
are probably two rapid acigbase equilibria:

UO,”" + ALCI,~ = UO*" + AICI,” + AIOCI;*~ (3)
and
Uo*" + ALCI, = U + AICI,” + AlIOCL,>  (4)
By these reactions two oxide ions are transferred from uranyl

to the solvent so that the®!ion is formed in solution. €
and possibly also U® are then slowly reduced to®t. The
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uranyl ion can be reduced electrolytically in the acidic
chloroaluminate ionic liquid by bulk coulometry ta*tl Due
to the reducing capability of the solvent, this electrolytic
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In the case of the [@nim],[UCI¢] salt, only the second step,
the one-electron reversible redox process, occurs. The redox
behavior of [Gmim];[UBrg] and [Cmim],[UO,Br,] in basic

reaction is on average only a 1.7-electron process and not aAlBr;—[C.mim]Br bromoaluminate ionic liquids is very

two-electron process. In acidic AISHBuPy]Cl, uranium-
(IV) is stable over the entire acidic composition ranéfe.
[UCI3)* is the dominant species in a 2:1 AKBuPy]Cl
melt, but with decreasing acidity of the melt (i.e., increase
of CI~ content), [UC}]>" and [UCEK] ™ become the dominant

similar to the redox behavior of the corresponding chloro-
aluminate system&.”2The uranium(V) hexachloro complex
[UCI¢]~ undergoes spontaneous reduction in a basicAICI
[Comim]Cl ionic liquid to the uranium(lV) hexachloro
complex [UCK]?>~.13% This reduction is not due to dispro-

species. When the acidity of the melt is decreased further, portionation of uranium(V) but rather to the oxidation of

UClI, will start to precipitate. Uranium(lV) can be reduced
electrolytically in this ionic liquid to uranium(lll), and it can
be oxidized electrolytically to uranium(V) and uranium(VI).
Uranium(lll) occurs in the melt as¥ and not as a chloro
complex like uranium(lV) but as solvated catidd$Solva-
tion probably occurs by [UG]~, except in the more acidic
ionic liquids, where [AJCI7]~ is most probably the counter-
ion. On the other hand, uranium(V) occurs as the [JCl
complex, which has approximately an octahedral sym-
metry3! The oxidation of uranium(V) to uranium(V1) takes

ionic liquid components by uranium(V).

The electrochemistry of the hexachloro uranate(IV) com-
plex [UCk)? in the ionic liquids [Gmim][Tf.N] and
[(CH3)(C4Hg)aN][Tf,N] has been discussed by Nikitenko and
co-workerst* The study shows that the uranium redox
potential is sensitive to the cation of the ionic liquid. The
highest sensitivity was found for the uranium(IV)/uranium-
(1) redox couple. The reduction of uranium(lll) to metallic
uranium could be observed, but this process is irreversible.
Martinot et al. studied the electrochemical reduction of

place at potentials more positive than the thermodynamic uranium(VIl) and uranium(lV) in the protic ionic liquid

potential limit of the solvent (chlorine gas formation).
Because of the reaction of uranium(VI) with the solvent,
pure solutions of uranium(VI) cannot be prepared by
bulk coulometry. Dissolution of either Egim],[UBrg] or
[Comim][UO.Bry] in an acidic AlBi—[C,mim]Br ionic
liquid results in the formation of the same electroactive
species, which is very likely the solvated uranium(IV) ion,
[U(AIBr 4)3]7."72The [AIBr4]~ species present in the acidic
ionic liquid thus replaces the ligands that were originally
bonded to the uranium center. The electroactive [U(AUBF
complex can be reduced to [U(AIBs] in a quasi-reversible
reaction:

[UAIBr )5+ & = [U(AIBr )] (5)

In contrast to its behavior in acidic chloroaluminate ionic
liquids, the uranyl ion is stable in basic ionic liquiti8 The
uranium(VI) ion can be reduced electrolytically to uranium-
(IV) with the formation of the [UCJ]>~ species. Uranium-
(1) is not a stable species in Algt[BuPy]Cl ionic liquids;
it is oxidized by the 1-butylpyridinium cation. It is stated
that LBt undergoes disproportionation into*Uand U.112
This disproportionation reaction leads to the formation of
finely dispersed uranium metal, which can reduce the
1-butylpyridinium cation rather easily. The electrolytic
reduction of U* to U*" is not observed in AIGH[BuPy]Cl
ionic liquids. Because the 1-ethyl-3-methylimidazolium
cation is more difficult to reduce than the 1-butylpyridinium
cation, U* reduction can be studied in basic ACl
[Comim]Cl ionic liquids!'® Seddon, Hussey, and co-workers
reported the cyclic voltammograms of the uranium salts
[Comim],[UCIe] and [Cmim],[UO,Cl,] in a basic AICk—
[Comim]Cl ionic liquid.”® A two-electron reduction process
of [UO,Cl4)?" involves a fast transfer of the oxygen ligands
to the ionic liquid, followed by the formation of the
hexachlorouranate(IV) ion, [UgF . In a second step, the
reversible reduction of [UGJ> to [UCIg]®~ takes place:

[UO,CI]* + 2[AICI,] +2¢ =
2*{AIOCI,} ™ +[UCIJ* +2CI” (6)
[UCIJ? +e =[uUCl]® @)

ethylammonium nitrate at 282132 Uranium(VI) in the form

of uranyl is stable in this ionic liquid, but it can be
electrolytically reduced to the uranium(V) speciesT his
reduction is an irreversible process, andXJ@ unstable in

the ionic liquid. Tetravalent uranium is unstable in ethylam-
monium nitrate, but when one works fast, it can be
electrolytically reduced in a one-electron step to an unstable
uranium(lll) species.

4.3. Redox Behavior of the Other Actinides

Bhatt et al. demonstrated by cyclic voltammetry that
thorium(lV) can be reduced in a single reduction step to the
zero-valent state in the ionic liquid f{C4Ho)(CHz)sN]-
[TfoN].23% They also noticed that it is easier to reduce
thorium(lV) in this ionic liquid than in other solvents like
water, nonaqueous solvents, or high-temperature molten salts.
These results can be explained by the weak coordinating
ability of the [Tf,N]~ anion so that reduction is facilitated.
TheE° value of the TH*/Th® redox couple in the ionic liquid
is —1.80 V (versus SHE), whereas this value-i.899 V
in aqueous solutions at 2% and—2.359 V in the LiCH
KCl eutectic at 450C. The electrochemical studies suffered
from the deposition of a nonconductive oxide layer on the
electrode, so that no stripping or anodic peak was observed
in the voltammogram. Possibly, thorium(lV) oxide was
formed by reaction of thorium metal with water present in
the ionic liquid. Nikitenko and Moisy investigated the
electrochemical behavior of neptunium and plutonium com-
plexes in the ionic liquid [gmim][Tf,N].”® The [NpCk]?>~
and [PuC{]>~ complexes are electrochemically inert in this
ionic liquid. Irreversible redox processes were observed by
cyclic voltammetry after addition of chloride ions in the form
of [Csmim]Cl. By steady-state linear sweep voltammetry, it
was demonstrated that in these chloride-containing ionic
liquids, neptunium(IV) can be reduced to neptunium(lll), and
that plutonium(lV) can be reduced to plutonium(lll). The
electrochemical behavior of neptunium(lll) and neptunium-
(IV) in chloroaluminate ionic liquids is very similar to that
of, respectively, uranium(lll) and uranium(IV38

4.4. Electrodeposition

The lanthanides and actinides are very electropositive
elements. The standard reduction potentials of the lanthanides
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and actinides are more negative than those of aluminum andof spent nuclear fuel elements (see section 6). In the
are comparable to that of magnesium. The metallic f-elementselectrorefining process, the spent fuel elements act as the
react with water to give hydrogen and metal hydroxides or anode and pure metal acts as the cathode in a molten salt or
oxides®® Therefore, the pure metals cannot be deposited ionic liquid. By application of an electric field between the
electrochemically from an aqueous solution. Electrodeposi- anode and cathode, the anode is partially dissolved and pure
tion or electrorefining of lanthanides and actinides requires metal is deposited on the cathode. Because of the instability
the use of anhydrous molten salt baths. lonic liquids could of the imidazolium cation against reduction, the electrodepo-
be an alternative to the high-temperature molten salts for sition of uranium and plutonium metal in imidazolium ionic
electroprocessing of metallic f-elements. Not only does the liquids was not successful. Contact of plutonium metal with
use of ionic liquids allow working at lower temperatures, the [Gmim]Clionic liquid resulted in a spontaneous reaction,
but ionic liquids are in addition less corrosive than high- being the oxidation of the [fnim]* cation by plutonium.
temperature molten salts. A problem experienced during the electrorefining of uranium

The strongly electropositive character of the lanthanides Was that the uranium(lll) species formed upon the dissolu-
and actinides makes the cathodic stability of many types of tion of uranium at the anode are not stable inrf@n]Cl.
ionic liquids too low to allow electrodeposition of the Controlled potential electrolysis of uranium(V1) in J@im]-
f-elements. Attempts to reduce lanthanide or actinide ions Cl did notlead to the formation of uranium metal but rather
in imidazolium ionic liquids result in decomposition of the 0 & deposit of U@
ionic liquid by reduction of the imidazolium rint* Qua- )
ternary ammonium salts have a better cathodic stability than 5. Solvent Extraction
imidazolium ionic liquids, but many quaternary ammonium
salts suffer from the disadvantage that their viscosity is often
too high to be useful for electrochemical processes. The
viscosity can be reduced by a proper choice for the anion
for instance, [TIN]~, and by making the alkyl chain not too
long (six or less carbon atom¥)**Very large electrochemi-
cal windows were reported for the ionic liquids [(kN]-
[T2N], [(CH3)4P][Tf2N], and [(CHs)4AS][TfN].1% The qua-
ternary arsonium salt showed the highest stability (fro8¢
to 2.6 V versus ferrocenium/ferrocene), followed by the
phosphonium salt. It was shown by cyclic voltammetry that

europium metal can be electrodeposited from these ionic alternative for the organic phase in liquitiquid solvent

liquids. extraction system® 4! Major advantages of the use of ionic
There are only a few studies available on the electrodepo-|iquids are their extremely low vapor pressure, so that solvent
sition of bulk samples of lanthanide metals from ionic liquids. |osses by evaporation during the extraction process can be
Tsuda and co-workers were not able to obtain lanthanum greatly reduced. Most ionic liquids are also nonflammable.
metal by electrodeposition from a La&aturated AlG— Because many ionic liquids contain weakly coordinating
[Camim]Cl melt but obtained rather aluminum metal. It was anions, it will in general not be possible to extract metal
suggested that electrodeposits of aluminum metal werejons from an aqueous phase to the ionic liquid phase in the
obtained from a LaGlsaturated AIG—[C.mim]CI melt at  absence of extractants. Typical extractants for lanthanide ions
—1.95 V after addition of an excess of LiCl and 50 mmol are -diketones, dialkylphosphoric acids and dialkylphos-
kg~* of thionyl chloride. However, the deposition could only phinic acids, and octyl(phenyM:N-diisobutylcarbamoylm-
be observed by cyclic voltammetry; no bulk samples could ethyl phosphine oxide (CMPO) (Figure 10). CPMO is also
be obtained* Aluminum—Ilanthanum alloys electrodeposited

Liquid—liquid solvent extraction is a very important
process for the separation and purification of lanthanide
ions1#2143The process is also of prime importance for the
' separation of fission products from reusable fissile material
in spent nuclear fuel elements (see section 6). The basic
principle behind solvent extraction is the difference in
distribution of the species of interest over two immiscible
phases, being often an aqueous phase and an organic phase:
some species dissolve preferentially in the organic phase,
while others dissolve preferentially in the aqueous phase.

Hydrophobic ionic liquids have been considered as an

from an AICk—[C,mim]Cl ionic liquid saturated with LaGl o o
contained no more than 0.12 atom % La (and in most samples /\/\/\/\p’/\)LNj/
even considerably les$)¥ However, it was observed that

these aluminum deposits had a smoother surface than H/

those obtained in absence .Of LQ.O‘HSU and Yang obtained Figure 10. Structure of octyl(phenyIN,N-diisobutylcarbamoyl-
Co—Zn—Dy alloys with a quite high dysprosium content (Up  methyl phosphine oxide (CMPO).
to 24.5 wt %) by electrodeposition on nickel or copper
electrodes from a Zngt[Comim]Cl ionic liquid with often used for the extraction of uranyl ions and transuranium
dissolved CoGland DyCh.**’ The authors state that no zero-  glements. CPMO is the extractant in the TRUEX process
valent dysprosium metal is present, but possibly dysprosium-(TRUEX = transuranium extractiod}* Because of the ionic
(I1) is present (although it is more likely that dysprosium(lll) - nature of ionic liquids, the partitioning equilibriums in solvent
salts is incorporated in the alloys). Lotermeyer and CO- extraction systems involving ionic liquids are not necessarily
workers tried out the [@nim][OTf] ionic liquid as solvent jgentical to those involving conventional organic solvents.
for electroplating of dysprosium, but no dysprosium deposits The equilibriums often involve cation or anion exchange
could be obtaine#® The authors could prepare thick, perween the aqueous phase and the ionic liquid phase. This
adhesive, and uniform dysprosium coatings from an elec- contamination of the aqueous phase by the components of
troplating bath consisting of dysprosium(lll) triflate and  the jonic liquid is a problem for the applicability of ionic
dimethylpyrrolidinium triflate dissolved in DMF. liquids in solvent extraction systems. Moreover, the coor-
Studies on the purification of uranium and plutonium metal dination environment of the metal ions in ionic liquids can
by the electrorefining process in ionic liquids have been differ from what is observed in other organic solvents.
reported-3®149This work is of importance for the processing Another problem related to ionic liquids in solvent extraction
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processes is how to strip the metals from the ionic liquids stripping with buffer solutions containing complex-forming
after extraction. The possibilities to use ionic liquids for agents (e.g., EDTA, DTPA, or citric acid). Whereas uranyl
solvent extraction processes of f-elements have been disdis extracted by CMPO from an aqueous nitric acid solution
cussed by Visser and Rogéfs. to dodecane as the [UMNO;),(CMPO),] complex, uranyl
Studies of the extraction of lanthanide ions from an is extracted to 1-butyl-3-methylimidazolium bis(trifluoro-
aqueous phase to the ionic liquid 1-butyl-3-methylimidazo- methylsulfonyl)imide, [Gmim][Tf,N], or 1-octyl-3-meth-
lium bis(trifluoromethanesulfonyl)imide, im][Tf.N], by ylimidazolium bis(trifluoromethylsulfonyl)imide, [gnim]-
the extractant 2-thenoyltrifluoroacetone (Htta) revealed that [Tf,N], as the cationic species [UMNO3)(CPMO)]".15: The
the lanthanide ions are extracted as anionic tetrakis com-exchange process results in losses of the imidazolium cation
plexes of the type [Ln(tta) ", rather than as hydrated neutral to the aqueous phases.
complexes of the type [Ln(ttg]H-O),] (n = 2 or 3)1#¢In Dietz and co-workers are less optimistic about the useful-
the anionic complexes, no water molecules are coordinatedness of ionic liquids as replacements for conventional organic
to the lanthanide ion. Extraction of the anionic lanthanide solvents in actinide and fission product separatiaknic
complexes to the ionic liquid phase is made possible by the liquids with relatively short alkyl chains like [nim][Tf,N]
exchange of the [EN]~ anions into the aqueous phase for exhibit a complex behavior of the distribution ratio of
the [Ln(tta)]~ complexes. It is very likely that the lantha- uranium on the nitric acid concentration and are therefore
nide complexes exist in the ionic liquid phase as weak not suitable for application in extraction processes. This
[Csmim]T[Ln(tta)s] ~ ion pairs. The equilibrium that describes complex behavior indicates a shift in mechanism from cation
the partitioning of the lanthanide ions between the aqueousexchange to neutral complex extraction with increasing
phase and the ionic liquid phase (i.e., the organic phase) camcidity. For ionic liquids with longer alkyl chains like

be written as [C1omim][Tf.N], the acid dependencies of the distribution
ratio are more favorable (i.e., increasing uranium extraction
|_ng;r + 4Httaorg + [C4mim][Tf2N]org = with increasing acidity), but the distribution ratios are lower

: T _ than those in dodecane. No improvement in the extraction
[C mim][Ln(tta),] g + 4Hoq + [TFN]5q (8) selectivity was observed.
Ouadi and co-workers designed task-specific ionic liquids

It is evident from this equation that for each ¥nion for the extraction of trivalent americiuff3 The task-specific
extracted to the ionic liquid, one [A]~ ion is lost by jonic liquids were prepared by attaching the 2-hydroxyben-
transfer to the aqueous phase. This contamination of thezylamine moiety to a 1-methylimidazolium core with the
aqueous phase by components of the ionic liquid is a seriouscounterions being either [RF or [Tf.N]~ (Figure 11). The
problem that limits the applicability of these solvent extrac-
tion systems. Subsequent studies showed that the extraction /—\
equilibrium in eq 8 is valid for high Htta concentrations only N @ NN
and that at lower Htta concentration neutral [Ln¢tel}O),] NN .
complexes are extracted into the ionic liquid ph&sé&he X o
lanthanide complexes can be stripped from the ionic liquid . s s :
by treatment of the ionic liquid with the acid H[2N]. The Z;ﬁg{ﬁ:iulnl{a”;;a;kj[)peg{'f o'f FT'?Z,\I,']CLU_'dS for the extraction of
fact that lanthanide ions are extracted into ionic liquids as
anionic complexes is in contrast to what is observed for ta5k-specific ionic liquids act as extractants and were used
extraction into molecular solvents with low polarity (xylene, in pure form or diluted in another ionic liquid. Extraction of
toluene, dodecane, kerosene), where the extraction procesgmericium from the aqueous to the ionic liquid phase took

in general takes place via hydrated neutral complexes.  pjace under basic conditions. Americium could be stripped
On the other hand, the extraction process of 13Q  from the ionic liquid phase by washing with an acidic

Am®*, Nd*", and Ed* from an aqueous phase to the ionic  aqueous solution. Problems associated with the use of ionic

liquid 1-dodecyl-3-methylimidazolium bis(trifluoromethyl- |iquids in actinide and fission product separation are discus-

sulfonyl)imide by dialkylphosphoric acid and dialkylphos-  gjon in section 6.

phinic acid involved the same type of metal species in the  golyent extraction is not the only separation method that
ionic liquid phase as in the case of extraction to a dodecanens peen tested in ionic liquids. Matsumiya and co-workers
solution*® The extraction of uranyl ions by tri-butylphos-  recently described electromigration experiments in the ionic
pha_te (TBI?) from an aqueous nitric acid s_olut|on to_the 10NIC Jiquids [(n-CeH13)(CHa)sN]J[OTf] and [(n-CeH13)(CHa)sN]-
liquid [C4mim][PFg] is similar to.the extraction behawor W|th_ Tf,N].15* These authors found that the trivalent rare-earth
dodecane as organic phase in the nitric acid concentrationjons are efficiently enriched at the anode under high-current
range between 0.01 and 4 mot 1% However, extraction  gensity conditions. By a change of the experimental param-
to the ionic liquid phase is more efficient when the nitric  gters; it was also possible to separate the trivalent rare-earth
acid concentration is above 4 mot L ions from the divalent alkaline-earth ions (e.g.?BaThis
Because octyl(pheny)N-diisobutylcarbamoylmethyl phos-  process can be of interest to remove salt impurities from

phine oxide (CMPO) is a neutral extractant, anions like jonic liquids, which is a difficult task to perform by other
[NOz]~ are required to extract metal ions to the organic methods.

phase. For this reason, the aqueous phase needs to be very

acidic. Nakashima et al. showed that CMPO dissolved in

[C4smim][PFg] can extract lanthanide nitrates from deionized 6. Treatment of Spent Nuclear Fuel
water (i.e., without added anionic speci&¥)The presence The processing of spent nuclear fuel elements is a very
of the ionic liquid greatly improves the extractability of important issue in nuclear technology. Most fuel elements
lanthanide ions, as well as the selectivity of CMPO. The in commercial light water nuclear reactors consist of UO
metal ions could be recovered from the ionic liquid by pellets, in which uranium is enriched so that the content of
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the fissile 23%U isotope is increased to a few percent (as  Another advantageous property of ionic liquids that makes
opposed to the natural abundance of 0.7%). During operationthem useful for applications in the processing of spent nuclear
of the nuclear reactor, part of the nuclear fuel is burned, fuel rods is their very low vapor pressure, so that they are
which means that®®U is consumed by fission reactions. At nonvolatile. Moreover, many ionic liquids are nonflammable
the same time, higher actinides are formed by neutron captureand combustion resistant. lonic liquids are safer solvents for
by the different uranium isotopes in the fuel elements. The processing of spent nuclear fuel rods, because the probability
main purpose of reprocessing of the spent fuel elements isfor criticality accidents in ionic liquids is smaller than that
isolation of unburned®®U and plutonium isotopes from in aqueous solutions. Part of the problems associated with
fission products and from the higher actinides. The fission the criticality of aqueous systems is due to the neutron-
products®Sr and'¥’Cs are major heat generators, and their moderating properties of the hydrogen atoms in water.
removal from the spent nuclear fuel greatly simplifies the Neutrons are slowed down in the moderation process by
handling and treatment of the remaining nuclear waste. It is collisions with the nuclei in the moderator until their energy
also possible to extract valuable byproducts (e.g., americiumis of the same order as the thermal energ®.025 eV). At
isotopes) from the highly radioactive waste by the reprocess-this thermal energy, the fission cross sectiorr8f (and
ing process. The first step in commercial processes like thealso of2%Pu and?*Pu) becomes so high that fission is more
plutonium—uranium separation by extraction (PUREX) probable than absorption or scattering. Water is an excellent
process consists of oxidative dissolution of the Ajp@llets moderator of neutrons, because of its high hydrogen atom
in a concentrated agueous H®Golution!5>156 After the density. lonic liquids are less efficient moderators than water,
spent fuel elements have been dissolved in the nitric acid because they contain lower hydrogen to non-hydrogen ratios
solution, the acidic solution is contacted with a water- than water. A fast neutron retains its speed over a larger
immiscible organic solution, which can selectively extract distance in an ionic liquid than in water and has therefore a
the desired elements. The PUREX process usestitityl large probability to escape from the system. This increases
phosphate (TBP) as a 30% solution in kerosene as thethe system’s critical mass. Of special interest are ionic liquids
extractant in the solvent extraction stépThere are some  that contain chlorine and boron atoms, becati, 1B,
technical and safety problems related to the PUREX process.and B have a large capture cross section for thermal
First of all, tri-n-butyl phosphate is not very stable against neutrons and are thus strong neutron absorbers. This increases
radiolysis. In the presence of highly active fission products the critical mass. Calculations have shown that plutonium
and higher actinides, it decomposesitbutanol and lower  in 1-ethyl-3-methylimidazolium tetrafluoroborate has an
phosphates (mainly dibutyl phosphate and monobutyl phos-infinite critical mass at concentrations below 1000 gL
phate). The phosphate decomposition products are complexvhereas in aqueous solutions an infinite critical mass can
forming agents for many fission products, and they interfere be obtained only at concentrations beld g L. Systems
with the separation process. Second, the organic solvents usewith infinite critical mass are absolutely criticality safe,
in the PUREX process are volatile and flammable. Last, but because no criticality accident can occur when the solution
not least, one has to take precautions that the concentratiorvolume is enlarged. The critical mass of the aqueous solution
of the fissile products in the aqueous phase does not becoméan be increased by partially replacing water by a hydrophilic
too high, because otherwise the critical mass will be exceededonic liquid.
and the system becomes supercritical. This will result in an  Molten salt extraction has been explored for a long time
uncontrolled nuclear chain reaction. For instance, a criticality in nuclear technology, so that the step to extraction processes
accident happened in the nuclear fuel factory in Tokai-Mura, based on room-temperature ionic liquids is small. lonic
Japan, in 199%7 liguids have the major advantage over high-temperature
Preliminary investigations show that 1,3-dialkylimidazo- molten salts that the extraction process can take place at a
lium ionic liquids with chloride and nitrate anions are much lower temperature. This is not only safer but also
relatively radiation resistant and do not undergo significant cheaper. Moreover, fewer problems with corrosion are
decomposition by radiolysis upon exposure to high radiation €xpected.
doses. When these ionic liquids were subjected to a radiation The possibility to dissolve Ugoxidatively in nitrate ionic
dose of 400 kGy byy-irradiation, S-particle irradiation, or  liquid/nitric acid mixtures has been reporté@1% For
o-particle irradiation, less than 1% of the ionic liquid instance UQ could be dissolved in a mixture of 1-butyl-3-
underwent radiolysis®* The stability of the ionic liquids  methylimidazolium nitrate and concentrated nitric acid
against high radiation doses is comparable to that of benzeng90:10 vol % ratio) at 70C. However, it can be expected
but is much higher than that of the TBP/kerosene mixtures that under such reaction conditions also nitration of the
used in the PUREX process. The relatively high radiation imidazolium ring occurs. It is also often observed that upon
resistance of imidazolium ionic liquids can be attributed to cooling of reaction mixtures in which UQvas oxidatively
the presence of the aromatic imidazolium ring. Aromatic dissolved, crystalline solids are precipitated. One of these
compounds have a higher stability against irradiation than compounds is a dimeric uranyl bisnitrate complex with
nonaromatic compounds, because the aromatic ring canbridging oxalate groups (Figure 15%It was suspected that
absorb radiation energy and can relax nondissociatively. the source of the bridging oxalate moiety is the acetone that
Moreover, mixtures of aromatic and nonaromatic compounds was used to rinse the glassware and that can be oxidized by
undergo less radiolytic decomposition than what is expected nitric acid!6? Another source can be impurities in the ionic
on the basis of the concentration of the nonaromatic liquid, like glyoxal, which is a starting material for the
compound, because of energy transfer to the aromatic com-synthesis of the ionic liquid precursor imidazéfé Even
pound. Analysis of the radiolysis products of 1,3-dialkyl- impurities in the nitric acid were considered as the source
imidazolium chloride and nitrate ionic liquids show that the of the oxalate ions. The insolubility of uranyl oxalate species
ionic liquids behave like a combination of an aromatic inionic liquids can be explored for the separation of uranium
compound, an alkane, and a sat. from ionic liquids by precipitation as oxalate complex#&s.
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Lanthanides and Actinides in lonic Liquids

immobilizing of lanthanide reagents in ionic liquids is an
alternative approach to the use of solid-phase sup§®as
fluorous solvent$?in lanthanide-mediated organic synthesis.

7.1. C—C Bond Formation

7.1.1. Friedel-Crafts Reactions

Friedel-Crafts reactions are an archetype of reactions on
which rare-earth Lewis acids catalysts have been tested. A
seminal paper on the use of lanthanide salts as catalysts in
ionic liquids is the work of Song et al. on the Fried€lrafts
alkylation of aromatic compounds with alkenes, which is
catalyzed by scandium(lll) triflate, Sc(OEf° No reaction
occurred between benzene and 1-hexene in the presence of
20 mol % Sc(OTf) in water, in organic solvents (dichlo-
romethane, acetonitrile, nitromethane, nitrobenzene), or in
the absence of an solvent. The reaction did not proceed in
hydrophilic imidazolium ionic liquids with [OTf] or [BF4]~
anions, although Sc(OTsf)is well soluble in these ionic
liquids. However, in hydrophobic imidazolium ionic liquids
with [PFs]~ and [Sbk]~ counterions, alkylation proceeded
smoothly at room temperature, and quantitative conversion
was obtained after 12 h (Table 1). This behavior was

Figure 12. Molecular structure of [BMIM}[{(UO,)(NOs)2} 2(ut4-
C,0,4)]. The atomic coordinates were taken from ref 161.

Another topic related to the use of ionic liquids in the

nuclear industry is the electrorefining process. This processTable 1. Friedel-Crafts Alkylation of Benzene with 1-Hexene in
has been discussed above in section 4. the Presence of 20 mol % Sc(OT§)in Various Solvents®®

7. Lanthanide-Mediated Organic Reactions @ Hé é
Sc(OTf); (0.2 equiv.)

lonic liquids are popular neoteric solvents for organic . —_— *
synthesig. The main drive for research in the field of organic RN ez
reactions in ionic liquid solvents is that ionic liquids are : b
potentially environmentally friendly solvents: they have a yield [%] of
very low vapor pressure, and they are not flammable. These conversion of monoalkylated
studies illustrate that in many cases, the yields of the reactions solvent 1-hexene [%] product (ratice/b)
in ionic liquids are comparable to those in classic organic  none 0 0
solvents. In other cases, the yields are lower in ionic liquids. ~ CH:Cl, 0 0
When a reaction works well in a given organic solvent, there ~ CHiCN 0 0
is not much need to replace that solvent by an ionic liquid. gm\gz 8 8
Of more importance are the reactions that work better in .o 0 0
ionic liquids than in other solvent§*1%5In principle, also [Comim][SbF] >99 96 (1.5:1)
the chemoselectivity and regioselectivity of a reaction can  [C.mim][BF] 0 0
be changed by a proper choice of the ionic liquid. [Comim][OTH] 0 o

On the other hand, lanthanide compounds are often used %gjm:m%ggﬂs] igg gg gé)l)
a reagents in organic synthesis. Several reviews on lan-  [c,mim][BF,] 0 o
thanide-mediated organic reactions are avail&ité’> Rare- [C.mim][OTH] 0 0
earth triflates and especially scandium(lll) triflate have been  [Csmim][PF] >99 95 (1.6:1)
widely explored as Lewis acids to mediate different types  [Csmim][PF] >99 95 (2:1)

of organic reactions, mainly thanks to the pioneering work

by Kobayashi’?>-177 Major advantages of these rare-earth unexpected, because Sc(GiTfis not soluble in these
salts are that they are water-tolerant Lewis acids (in contrasthydrophobic ionic liquids. The observation that isomerization
to strong Lewis acids like AlG) and that catalytic amounts  of the alkene took place prior to ring substitution shows that
rather than stoichiometric amounts can be used in manyfirst a carbocation is formed. The ionic liquid stabilizes the
cases. Although the rare-earth salts have to compete in Lewiscationic intermediate. Very little dialkylated product was
acid chemistry with other metal salts like indium(IHy; 180 obtained. Aromatic compounds other than benzene that have
gallium(ll1),18%182 gand  bismuth(lll) salt38-18 they still been tested for this reaction were phenol and anisole. Alkenes
remain popular reagents for organic synthesis. It is thereforeother than 1-hexene are cyclopentene, cyclohexene, and
not surprising that ionic liquids have been explored as norbornene. When Sc(OTEfvas replaced by another rare-
solvents for lanthanide-mediated organic reacti§hJhe earth triflate, the yields were much lower. In fact, besides
main rationale for choosing ionic liquids in these reactions Sc(OTf), only Y(OTf)s, HoO(OTf)s, Tm(OTf);, and Lu(OTf}

is the recyclability of the solvent/catalyst systems and the showed reactivity in the reaction of benzene with cyclo-
easy product separation. However, in most of these studieshexene.

no higher reactivities or different selectivities could be  The use of ionic liquids for the FriedeCrafts alkenylation
observed in comparison with the conventional organic of aromatic compounds with alkynes and with rare-earth
solvents. But there are some remarkable exceptions. Thetriflates as catalysts resulted not only in an increased reaction
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rate but also in the formation of less byproduéisThe Scheme 1. Benzoylation of Anisole
reaction between benzene and 1-phenyl-1-propyne proceeded OCH;
in good yields in the hydrophobic ionic liquids J@im][PF] ocH, Oy © ) O CHO O
and [CGmim][SbRs] with scandium(lll) triflate as the catalyst . é 50T (10 met®) ‘
(0.1 equiv of the catalyst) (Table 2). A much lower yield (Camimi[BF4] o O

80°C, 1h

Table 2. Friedel-Crafts Alkenylation of Benzene with
1-Phenyl-propyne®t

84% para 16% ortho

(10% conversion)
metal triflate (0.1 equiv.) O
O - <

)= pr— H found for Cu(OTf), while Sc(OTf} was least active: under

85°C O \cm the conditions where Cu(OTfjave quantitative conversion
of benzoyl chloride, a conversion of only 10% was observed
catalyst ionic liquid time [h] yield [%)] for Sc(OTfy. Addition of trifluoroacetic acid increased the
Sc(OTf) none 96 27 activity of Sc(OTf}, although the reaction did not proceed
Sc(OTf) [Camim][SbF] 4 91 when trifluoroacetic acid was used in the absence of
Sc(OTi [Camim][PF] 4 90 Sc(OTf). The kinetics of the FriedelCrafts benzoylation
zg()ng)fk {gﬂﬂgg% i g? of anisole with benzoic anhydride to yield 4-methoxy
Lu(OTf)3 [Camim][SbR] 4 94 benzophenone have been studied in different types of ionic

liquids and metal triflate catalysts, including rare-earth

X 3 TSy >
was obtained in the absence of the ionic liquid, and after triflates (Scheme 2)° The ionic liquids [Gmim][BF],
long reaction times, large quantities of side products were Scheme 2. FriedetCrafts Benzoylation of Anisole with
obtained. Also the use of the hydrophilic ionic liquids Benzoic Anhydride To Yield 4-Methoxybenzophenone
[Camim][BF4] and [Gmim][OTf] resulted in very low yields. oCH, _ o cooH
Different rare-earth triflates were tested, and besides scan@ . ©ﬁ(°7(© metal e : @
dium(lll) triflate, good catalytic activity was found for Il IL solvent oCH;

yttrium(lll), ytterbium(lll), and lutetium(lll) triflates. It is

remarkable that a higher catalytic activity was observed for [Csmim][OTf], and [CGmim][Tf.N] have been tested, and
yttrium(I1) triflate than for scandium(lll) triflate, although initial screening showed that little reactivity could be
holmium(lil) and erbium(lll) triflate are much less active. observed in the hydrophilic ionic liquids j@im][BF,4] and
This is remarkable because yttrium(lll), holmium(lll), and [C4mim][OTf] but good reactivity in the hydrophobic ionic
erbium(lll) are expected to have a similar Lewis acidity due liquid [Csmim][Tf.N]. The activity of Sm(OTH, Yb(OTf)s,

to their similar ionic radii. After reaction, the ionic liquid and Y(TfO) is much lower than that of Sc(O%f) The
phase containing the rare-earth catalysts could simply beactivity of Sc(OTf} is slightly lower than those of Al(OT#)
separated from the organic products by decantation. Althoughand In(OTf}. The authors propose a model in which the
the ionic liquid with catalyst could be reused, a decrease in catalyst undergoes ligand exchange with benzoic anhydride,
reactivity was observed. To rule out the possibility that the so that the free acid is formed in situ. This free acid (HOTf
reactivity was due to hydrogen fluoride impurities from the or HTf;N) is the active catalyst. FriedeCrafts acylations
hydrolysis of the hexafluorophosphate ions, the reaction of ferrocene with acyl chlorides and anhydrides and with
was tested in the absence of metal triflates; in this case,ytterbium(lll) triflate as the catalyst were carried out in the
the reaction did not occur. Different types of arenes and ionic liquid N-butylpyridinium tetrafluoroborate, [{py]-
alkynes have been tested to study the scope of the reactioriBF4].1% Monoacylated products were obtained under mild

(Table 3). conditions (Table 4). No diacylated products were observed.
Table 3. Friedel-Crafts Alkenylation of Various Arenes with Table 4. Friedel-Crafts Acylation of Ferrocene'*!
Various Alkynes!®! {
e A Sc(OTf)3 (0.1 equiv.) R>=<H ? [0} Yb(OTf)3 (0.1 equiv.) ?)(R
- [Camim][SbFe] AR < TR (CapylBFal S
85°C
- = p— ime ] yield %] R X time [n] temp PC] yield [%]
Ph Me p-xylene 4 96 g:3 8|AC g S:I'r SZ
Ph H benzene 4 68 s
Ph H p-xylene 4 60 CHChs ohe 0 all o
Ph Ph benzene 2 59 gHﬁCH3 g: g ?g gg
Ph Ph benzene 4 62 i cl 8 50 72
Ph Ph p-xylene 4 80 CH+Ph cl 8 50 83
Ph Ph toluene 2 83 p-CHBO h al 8 50 89
Ph Ph chlorobenzene 6 44 p_C|P3h P cl 24 50 46
Ph Ph anisole 2 73 FFJ;hCHz cl 8 50 88
pCRPh H  pxylene 22 ’3 PhCH=CH  Cl 12 50 90
p-CIPh H p-xylene 12 63

Ross and Xiao have investigated benzoylation of anisole 7.1.2. Diels=Alder Reactions
catalyzed by metal triflates in the ionic liquid J@im][BF] Scandium(lll) triflate was used as a catalyst for Diels
(Scheme 13?2 The triflates Cu(OTf), Zn(OTf),, SN(OTf), Alder reaction in ionic liquid$?® In contrast to the Friedel
and Sc(OTf) have been tested. The highest activity was Crafts alkylation reaction, the DietsAlder reaction of 1,4-
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Table 5. Sc(OTfy-Catalyzed Diels-Alder Reactiog between and [CGmim][OTf], only moderate yields were obtained. The
1,4-Naphthoquinone and 1,3-Dimethylbutadien® ionic liquid phase containing Sc(OEftould be recovered
after reaction by extraction with diethyl ether.

o ]
Sc(OTf)3 (0.2 mol%)
: >/ \< IL solvent 7.1.3. Other C—C Bond-Forming Reactions
o

RT, 2h o

An enhanced activity was observed for the electrophilic

solvent yield [%)] reactions of indoles with aldehydes and ketones that were
CD,Cl, 22 catalyzed by Dy(OTgin imidazolium and pyridinium ionic
[Camim][PFe] (0.1 equiv)+ CD,Cl, 46 liquids with tetrafluoroborate or hexafluorophosphate anions
[Camim][PFe] (0.5 equiv)+ CD,Cl, 85 (Table 6)'" The reaction of hexanal with indole was tested
[C4m!m][PF6] (1 equiv)+ CD,Cl, >99
[Camim][PFe] >99 Table 6. Dy(OTf);-Catalyzed Reaction of Indoles with Aldehydes
[Camim][SbFy] >99 or Ketones!9’
[Camim][OTH] >99 R R
Dy(OTf)3
, . . , W RJ?\R. —_— | I 1 |
naphthoquinone with 1,3-dimethylbutadiene also proceeds 4 IL solvent N N
in a hydrophilic triflate ionic liquid (Table 5). An amount RT " )
as low as 0.2 mol % of Sc(OTfjvas enough for quantitative mol %
conversion of the reagents 2 h atroom temperature. With R R Dy(OTf); ionicliquid time[h] vyield [%)]
10 mol % of Sc(OTH, the reaction was complete in seconds. "¢ - H > [Camim][BF] 1 95
Different dienophiles and dienes have been tested. An CgH;, H 0 [Camim][BF] 1 0
interesting observation was the improvement of émeld CeHis H 2 [Csmim][PFg] 1 88
exoselectivity enddexo> 99:1). The reactions could also  CeHis H 2 [Capyl[BF4] 1 89
be carried out in dichloromethane with the ionic liquid as H 2 [Gmim][BF,] 1 98
n additive. The ionic liquid with the Sc(OFfcatalyst ~ PiPn - H 2 [Gmiml[BR] 1 o
an additive. The ionic liqu e Sc(OFfcatalyst — pcpoph 2 [Gmm]BF] 1 99
dissolved in it could be recycled and reused many times cn, CHs 5 [Camim][BF 4] 24 96
without loss in activity. CHs CHs 5 [Camim][PFg] 24 94
Microencapsulated scandium(lll) triflate was found to be CHs CH;, 5 [Capyl[BF4] 24 98
active as a catalyst for an aza-Dielslder reaction between ~ Ph Ch 10 [Cmim|BF] 24 88

an aldehyde, an amine, and 1-methoxy-3-(trimethylsilyl)-

oxybuta-1,3-diene to produce 5,6-dihydro-4-pyridone (Schemeas a model reaction in the ionic liquids 4@im][BF,],

3).1% The ionic liquids were 8-ethyl-diazabicyclo[4,5,0]-7- [Csmim][PFs], and [Cpy][BF4], and the highest yield was
observed in [@mim][BF4]. No rare-earth triflates other than

Scheme 3. One-Pot Synthesis of Dy(OTf); have been tested. Imines undergo electrophilic
N-Phenyl-6-phenyl-5,6-dihydro-4-pyridone reactions in a way similar to the carbonyl compounds. Two
o major products are formed, a secondary indolyl amine and
CHO NH; cme - Q/é a bisindolyl methane (Scheme 5). The highest yield for the
N
. @ - ;\Osmes L savent @ Scheme 5. Dy(OTf}-Catalyzed Reaction of Indole with
20, RT N-Benzylidene Aniline in [C4py][BF 4]

80-82 % yield

undecenium triflate and 1-ethyl-3-methyHlimidazolium
triflate. Scandium(lll) triflate in [Gmim][PF¢] catalyzes the

[4 + 2] cycloaddition reaction of imines (formed in situ from 7% yied
enol ethers and amines) with cyclic enol ethers to afford @ Dy(OT)s (5 mol.%)

pyrano[3,2¢€]quinoline or furo[3,2€]quinoline derivatives OQ T NF

(Scheme 4% In the hydrophilic ionic liquids [Gmim][BF,] H @ IC:Z“':;“

Scheme 4. Sc(OTf#Catalyzed Synthesis of Pyrano- and

Furo[3,2-c]quinolines 45% yield

NHz o Sc(OTf); (3 mol%) Hy . . . s
. @ I — H secondary indolyl amine was observed in the ionic liquid
(i N oH [C4py][BF4]. In a comparative study of different Lewis acids
' . as catalyst for the synthesis of bis(indolyl)methanes by
oo reaction between aldehydes and indoles in ionic liquids, a
5:5 endo:exo . . .
reasonable reactivity was found for YBCbut this salt was
much less reactive than the best catalyst, In(@Srheme
6).198
NH, S6(0Thn (3 mol% n,? The Baylis-Hillman reaction, that is, the coupling of
© . @ _— “H activated alkenes with aldehydes promoted by tertiary
[C4mim][PFg] N OH

amines, proceeds faster in ionic liquids than in acetonitifle.
The authors tested the reaction of methyl acrylate, benzal-
dehyde, and 1,4-diazabicyclo[2,2,2]octane (DABCO) (1:1:1
92:8 endo:exo molar ratio) in different ionic liquids of the type [@im]X

RT, 3h

85% yield
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Scheme 6. Yb(OTf}-Catalyzed Synthesis of Scheme 8. Smy-Catalyzed Condensation of Cyclopentanone
3,3-Bis(indolyl)-4-chlorophenylmethane in [Gmim][PF¢] and Cyclohexanone

o
0 gHo Sml; (20 mol.%
§1° b0t (5 molw) mls (20 mol.%) O \/
GU ’ vz [C4mim][BF 4] g
N
H cl

[Camim][PFg] RT, 3h

4h, RT 95% yield

87% yield

[}
o ¢HO Smlg (20 mol.%) ‘/\\‘/\‘
Scheme 7. Baylis-Hillman Reaction of Benzaldehyde with é . 2 @ — O ‘ O

Methylacrylate [04:::1][5&]
o) »4.5h 88% yield
CHO
\j\ M ove Table 8. Three-Component Reaction of Benzaldehyde, Aniline,
*N"ome [Camim][PFe] HO and Diethyl Phosphonate Affording ana-Amino Phosphonate in

lonic Liquids 202

(X = OAc, OTf, TN, BF,, Sbk, and Pk) with La(OTf);

or Sc(OTf} as the catalyst (Scheme 7). The best results were e L i Ln(OTNs " o
obtained with [Gmim][PFs] and [Cmim][OTf]. Lanthanum- © : : ”’Z;E‘ L soment R0
(1 triflate was found to be a more efficient catalyst than 20°C, 27h ©
scandium(lll) triflate for this reaction. ,
_Lhee an(ill Partl; (;lvt\e/scribed algnﬁ-%ot three-cpmpon%nt Mz_;}nl- catalyst Cat?,l%lz} &?dmg ionic liquid yield [%]
nich reaction between an aldehyde, an amine, and a sily ,
enol ether catalyzed by ytterbium(lll) triflate in imidazolium ;2((8135 ig {gm:m%g% gg
ionic liquids with benzene as a cosolvéftBenzaldehyde,  py(oTH), 10 [C:mim][PFy] 94
aniline, and acetophenone trimethylsilylenolate react to give Sm(OTf) 10 [Camim][PF] 99
a p-amino ketone (Table 7). Yb(OTf)is a very active Yb(OTf)s'H-0 10 [CGmim][PFy] 63
La(OTf)*H0 10 [Csmim][PF] 39
Table 7. One-Pot Mannich-Type Reaction of Benzaldehyde, Sm(OTfy 1 [Camim][PFy] 95
Aniline, and Acetophenone Trimethylsilylenolaté® Sm(OTf) 10 [Csmim][SbF] 71
Sm(OTfy 10 [Qm!m][BF4] 18
CcHo NH, EW‘ metal tifate ©\NH o Sm(OTfg 10 [Csmim][OTH] 89
© ' ’ IL salvent O O the corresponding anhydrous salts. For a given rare-earth
20, 1o mn triflate, the reaction yields depend on the ionic liquid:
catalyst loading [Camim][PF] > [Csmim][OTf] > [Csmim][SbF] >
catalyst [mol %] ionic liquid yield [%6] [Csmim][BF,4]. Aldehydes react with a homoallyl alcohol to
Yb(OT)3 1 [Camim][PFy] 85 afford tetrahydropyranol derivatives. This reaction is cata-
Yb(OTf)s 1 [Camim][PFg] 91 lyzed by hydrated cerium(lll) triflate (Scheme ¥}.Yields
Yb(OTf); 0.1 [Cimim][PFe] 80 . )
Yb(OTfs 1 none 50 Scheme 9. Formation of Tetrahydropyranols by Reaction
Yb(OTf); 1 [Camim][SbFR] 72 between Homoallyl Alcohol and Benzaldehyde
Yb(OTf)s 1 [Camim][BF,] 40 Ho oH
Sc(OTf 1 [Camim][PF] 76 @ Ce(OT, H:0 %
T I
[C4mim][PFg], H,O O
catalyst; a fast reaction was observed with an amount as low RT, 12h
as 0.1 mol %. This is also one of the few examples where 50% yield

Sc(OTfy is a poorer catalyst than Yb(OTEf)The use of an | q found that th f the ioni
ionic liquid is essential, because in benzene as solvent theVere only moderate. [t was found that the use of the ionic
yieIdS were much lower. [m,.“m][PFG] gave hlgher y|e|dS ||qU|d [C4m|m][PF5] as solvent resulted in the formation of
than [Cmim][SbR] or [Camim][BF. less side products than when chloroform was used as solvent.

Cyclic aliphatic ketones can condense with aldehydes to Zulfigar and Kitazume illustrated the usefulness of ionic
a,o’-bis-(substituted benzylidene) cycloalkanones by the liquids as a solvent for high-temperature reactions by carrying

action of Smj as the catalyst (20 mol %) (Scheme?8). out sequential _Claisen rearrangements and cyclizat_ion reac-
The reactions were carried out in@im][BF.). As cyclic ~ tons at 200°C in the presence of anhydrous scandium(ill)
aliphatic ketones, cyclopentanone and cyclohexanone havd'iflate as catalyst (Scheme 18}. The ionic liquids tried
been used. Cycloheptanone did not react. Benzaldehydegcheme 10. sc(OT§Catalyzed Sequential Reaction

aniline, and diethyl phosphonate react in a three-componentinyolving a Claisen Rearrangement and a Cyclization

reaction with rare-earth triflates to affoordamino phospho-

nates (Table 8% Anhydrous Sm(OT#is the most effective o swome [ saom, &

rare-earth catalyst in the ionic liquid J@im][PF], whereas @ —_—

anhydrous Yb(OTH is more effective in organic solvents.

Sc(OTf was only moderately active with diethyl phospho-

nate but was very active when triethyl phosphite, P(@Et) out are [Gmim][BF4], [Csmim][PF¢], 8-ethyl-1,8-diazabi-
was used as the phosphorus-containing nucleophile. Thecyclo[5,4,0]-7-undecenium triflate and 8-methyl-1,8-diaza-
hydrated rare-earth triflates have a much lower activity than bicyclo[5,4,0]-7-undecenium triflate. Ggeand co-workers

_

IL solvent IL solvent
200 °C 200 °C
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showed that ytterbium(lll) triflate catalyzes the carbon-Ferrier Scheme 13. Enamination of Benzoylacetone argToluidine,

rearrangement of ti®-acetyl derivatives ofd-glucal with Catalyzed by Cerium(lll) Chloride Heptahydrate

allyl silanes, propargyl silane, and silyl enol ethers in ionic GHy

liguid solvents ([Gmim][BF4] and [Cmim][Tf,N]).2% ©
Kobayashi and co-workers showed that the combination HiC, NH,

of silica gel supported scandium(lll) triflate with a hydro- ° GeCTRO @O M) My

phobic ionic liquid creates a hydrophobic environment in 0 TBAB WP

water?% |n this way, reactions with water-labile substrates Chs R, 260 min

could be performed in water. The catalyst was prepared by

adding silica gel supported Sc(O7fp a solution of an ionic 95% yield
liquid in ethyl acetate, and the solvent was removed under
reduced pressure. The final catalyst is a free-flowing powder
and forms a colloidal suspension in water. Different types
of C—C bond formation reactions were tested, including

Mukaiyama aldol condensations, Mannich reactions, allyla- . . L
tions, )z/ind hydromethylations. For most reactions, 1-bu){yl- tri-O-acetyl derivatives oti-glucal and alcohols, phenols,

i . ; nd hydroxya-amino acids in [@mim][PF] with dyspro-
2:5?{3";:;‘:\'%%33%”1 hexafluorophosphate has been SQIGCteu‘gium(lII) triflate as the catalyst (Scheme #4)Dyspro-

reactions require higher reaction temperatures. Here the low
volatility and the thermal stability of ionic liquids offer an
advantage.

O-Glycopyranosides were prepared in good yields from

Scheme 14. Synthesis of 2,3-Unsaturated Glycopyranosides

7.2. C=X Bond Formation one OAc
. . . Dy(OTfs
Handy and Egrie reported the use of ytterbium(lll) triflate, o 3+ reon . AcO Deor
Yb(OTf);, as a catalyst for the nitration of aromatic AcO (CamimI[PFe] AcO

RT

compounds with HN@ in the ionic liquid N-butyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Scheme  gjum) triflate is not soluble in [Gnim][PFg], but never-

11)2%" A pyrrolidinium ionic liquid rather than an imidazo- theless the yields were much better in this ionic liquid than
lium ionic liquid was chosen as the solvent, in order to avoid j;, the ionic liquid [Gmim][BF.], in which the rare-earth salt
problems with the nitration of the imidazolium ring under ~,Id be solubilized.

the given reaction conditions. The yields and regioselectivi- Scandium(lll) triflate in the imidazolium ionic liquids
ties (ortho/metdparaisomer distributions) were comparable [Csmim][PFg] and [CGmim][BF4] is an efficient reaction
with those in other solvents. However, only electron-rich medium for the thioacetalization and transthioacetalization

aromatics could be nitrated; no reaction was observed for ¢ aldehydes (Scheme 13¥ Thioacetals are important
bromobenzene. The catalyst loading was 10 mol %.

Scheme 15. Thioacetalization of Benzaldehyde, Catalyzed by

Scheme 11. Yb(OTf}-Catalyzed Nitration of Toluene Sc(OThs
I g i - cHO oS S
@ Yb(OTh; ©/N02 ©\ Se(OTh: (2 mal%) CH
IL solvent NO3 SH —, @
HNO; NO, [C4mim][PFe]
42% 29% 1 equiv. 2.2 equiv. RT, 9 min. 95% yield
51% % o

protecting groups for aldehydes. A transthioacetalization

Tetrabutylammonium and tetrabutylphosphonium halides . >
Y yiP P reaction converts arD,0-acetal into anSSacetal. The

have been applied as ionic liquid solvents. For instance, a

mixture of zinc powder and Ce€7H,O was used as reagent 'eaction of a carbonyl compound with 2-mercaptoethanol
for the thioIizatFi)on of 1,2-epoxide; with aryl disulfidegs in affords a 1,3-oxathiolane (Scheme 16). Ytterbium(lll) triflate

tetrabutylammonium and tetrabutylphosphonium halides gcheme 16. Yb(OTf)-Catalyzed Conversion of Carbony
(Scheme 12j% The highest yields were observed when compounds into 1,3-Oxathiolanes

R HS Yb(OTR;

Scheme 12. Thiolysis of Styrene Oxide with Phenyldisulfide o - RXS]
in the lonic Liquid Tetrabutylammonium Bromide (TBAB) R HO ComimipFy) R ©
in the Presence of Zinc Powder and Cerium(lll) Chloride RT

Heptahydrate
Pany has been chosen as a catalyst for the reaction in imidazolium
Q @ @ ionic liquid solventg The highest yields were obtained in
ZNCCLTHO s _~oy + HOLS [Camim][PFe]. [Camim][BF4] and [Cmim][Br] gave lower
OO e 5 é yields.
70°C, 20 min

7.3. Oxidation and Reduction Reactions

Salts of tetravalent cerium and especially @)
tetrabutylphosphonium bromide was chosen as the solvent[Ce(NGs)e] (cerium(lV) ammonium nitrate or CAN) and
CeCk-7H,O is a good catalyst for the enamination of Ce(OTf)y have often been used as selective oxidants in
benzoylacetone angb-toluidine, and better yields were organic synthesi¥®169.212214 However, only a few studies
obtained in the tetrabutylammonium bromide (TBAB) ionic have been reported on the cerium(IV)-mediated oxidation
liquid than under solvent-free conditions (Scheme %3). reactions in ionic liquid$’ This is partially due to the poor
Although reactions in ionic liquids are generally carried out solubility of cerium(IV) salts in different classes of ionic
at room temperature or at moderate temperatures, somdiquids. A mixture of [Gmim][BF4 and dichloromethane

92% total yield
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was the solvent for oxidative free radical reactions mediated Scheme 19. Different Reaction Products for the Reaction of
by cerium(lV) ammonium nitrate (CANJ® [Cymim][BF ] Benzyl Alcohol with Hydrated or Anhydrous Cerium(lV)

has also been replaced by 1-butyl-2,3-dimethylimidazolium Triflate in the lonic Liquid [C ,mim][OTf]

tetrafluoroborate. A typical reaction is the reaction of 2,4- GHo

pentanedione (1 equiv) argdmethylstyrene (5 equiv) with Ce(OTH), . xH,0 @

CAN (2.1 equiv) in [Gmim][BF,]/dichloromethane (1:5) /

(Scheme 17). The yield was similar to that observed in chon

Scheme 17. CAN-Mediated Oxidative Cyclization Reaction

between 2,4-Pentadione and-Methylstyrene \
P Ce(OTh, @A 0/\©

CAN
YT & e ﬁyg
0O O [C4mim][BF ;J/DCM [¢] . L . . . .
valent lanthanide compounds in ionic liquid solvents will

40°C, 2h .
83% yield be publlshed.

acetonitrile, but much higher than that in dichloromethane 7.4. Polymerization Reactions
without ionic liquid additive. The ionic liquid facilitates the
oxidative cyclization reaction. The authors report that the
reactions can also be carried out solely in the ionic liquid
but that the yields are lower than those in ionic liquid/
dichloromethane mixtures. For instance, the reaction shown

in Scheme 17 gave 83% yield aft@ h in [Cimim][BF4)/ a binary catalyst consisting of neodymium(lll) versatate and

dichloromethane (1:5) solvent, compared with 56% yield in isobuty¥alumizum in ionicglliquidé.17 'I¥he ion(ic)liquids [G-

[Csmim][BF4] solvent. The cerium byproducts precipitated mim][BF.], [Comim][PF], [Camim][BF4], and [C;mim][PFy]

at the end of the reaction. . ... . . have been tested. The authors found a higher polymerization
Mehdi et al. evaluated the use of imidazolium ionic liquids rate of methyl methacrylate and a higher molecular weight

as solvents for organic transformations with tetravalent of poly(methyl methacrylate) in the ionic liquids than in

;:erludn; salts as_oxu;lllzmg _tagterWs.Gto?S SOIU.b'I'ty was toluene or under solventless conditions. The best results were
found for ammonium hexanta Ogﬁ{e‘te(in)ice{l'f emMORUM obtained for [Gmim][BF,. The ionic liquid could be
ate, ) and cerium(lV) triflate “alkyl-s-MetN- o cycled and reused. It was also possible to prepare random

ylimidazolium triflate ionic liquids. The authors studied the
oxidation of benzyl alcohol to benzaldehyde in 1-ethyl-3- ﬁ]nflhglsc;c:;s%plci)é{jr%esrs of methyl methacrylate and styrene

methylimidazolium triflate by in situ FTIR spectroscopy and
by 3C NMR spectroscopy of carbon-13 labeled benzyl . . ) .
alcohol. It was found that careful control of the reaction 8. Applications in Materials Sciences

conditions was necessary, because ammonium hexanitrato- Although applications of lanthanide-containing ionic lig-

cerate(IV) dissolved in an ionic liquid can transform benzyl yids are not strictly within the scope of this review and this
alcohol not only into benzaldehyde but also into benzyl field is still in its infancy, some examples will be given. An
nitrate or benzoic acid (Scheme 18). The selectivity of the interesting paper by Gedanken and co-workers illustrates how
lanthanide fluoride nanoparticles can be synthesized by
Scheme 18. Reaction Products Observed upon Oxidation of  decomposition of fluorine-containing ionic liquid$When

A ring-opening polymerization of-caprolactone has been
carried out in [Gmim][BF,] with a mixtures LnC} and an
epoxide as the catalyst. The highest catalytic activities were
observed for GdGland ErC}.?® Shen and co-workers
investigated the polymerization of methyl methacrylate by

Benzyl .Alc.oh(.)I by Cerium(IV) Ammonium Nitrate (CAN) in a solution of La(NQ)3-6H,0 or Y(NOs)s*xH,0 in the ionic
the lonic Liquid [C ;mim][OTf] liquid [C4mim][BF,] was subjected to microwave irradiation
CH,0H - cHo GH,0NO, §ooH in a domestic microwave oven, formation of l.adhd YR
. @ e @ E @ was observed after a short time interval (5 min). The
[Comim][OT]

nanosized fluoride particles had an oval shape in the case of
trace trace LaF; and a needlelike shape in case of;YFhe source of

fluoride ions is the tetrafluoroborate ion, which undergoes
reaction of cerium(IV) triflate with benzyl alcohol in dry  hydrolysis in the presence of the hydration water molecules
ionic liquids depends on the degree of hydration of cerium- of the metal salts.
(IV) triflate: anhydrous cerium(IV) triflate transforms benzyl lonogels are new materials in which an ionic liquid is
alcohol into dibenzyl ether, whereas hydrated cerium(lV) confined within a silica network that can be synthesized by
triflate affords benzaldehyde as the main reaction product sol-gel processing!® The ionogels can be prepared as
(Scheme 19). 1,4-Hydroquinone is quantitatively transformed perfectly transparent monoliths that retain the ionic conduc-
into 1,4-quinone. Anisole and naphthalene are nitrated. Thetivity of the ionic liquid. Although an ionogel contains up
authors reported that for the cerium-mediated oxidation to 80 wt % ionic liquid, it is a solid compound. Luminescent
reactions in ionic liquids, high reaction temperatures are anionogels were prepared by doping them with a europium-
advantage because under these conditions smaller amountdll) S-diketonate comple®® A very intense red photo-
of byproducts are formed. luminescence could be observed upon irradiation with ultra-

Although samarium(ll) iodide (SmiKagan's reagent) is  violet light. These materials are at the same time luminescent

widely used as a selective reductant in organic synth&si& and ion-conductive.
so far no studies on lanthanide(ll)-mediated reactions have Lanthanide-containing ionic liquids crystal®ric lan-
been reported. It can be anticipated that it is just a matter of thanidomesogepwill not be discussed here; the reader is
time before the first papers on organic reactions with low- referred to other recent reviews on this toffit 2> The main

6h, 100 °C
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rationale to incorporate lanthanides into liquid crystals is the researchers to work in this field. However, in only a few

possibility to design materials that combine the properties cases the use of (expensive) ionic liquids can be justified by
of lanthanides (luminescence, paramagnetism) with thethe higher reactivity or selectivity. Research should be
properties of liquid crystals (switching behavior in external directed to find lanthanide-mediated organic reactions that
magnetic and electric fields). There exists only one example do not work in conventional organic solvents but that cleanly
of an actinide-containing ionic liquid crystal, being a uranyl react in ionic liquids. Finally, the combination of lanthanides

complex of a substituted imidazo[4fp4,10-phenanthroline  and ionic liquids can lead to new types of advanced materials
ligand with triflate counterions (Figure 18f The compound  (luminescent or magnetic liquid crystals, ionogels, nanopar-

ticles, etc.).
CraHagO OC14H29 C14H200 0C14Hge
CmHZQOQN ) pocmg 10. Abbreviations
HN =) =) NH bmpyr 1-butyl-1-methylpyrrolidinium
/N ﬂ N bppyr 1-butyl-1-propylpyrrolidinium
CN—L ) Comim  1-ethyl-3-methylimidazolium
/g\ Csmim  1-butyl-3-methylimidazolium
=N~ N= Cemim 1-hexyl-3-methylimidazolium
CF3SOy \ \ 7 CF3805 Ciomim  1-decyl-3-methylimidazolium
Capy N-butylpyridinium
HNN CPMO octyl(phenyl)N,N-diisobutylcarbamoylmethyl
/éL phosphine oxide
DTPA diethylenetriamine pentaacetic acid
Gt e etas EDTA ethylenediaminetetraacetic acid
Figure 13. Uranium-containing ionic liquid crystal. EﬁaAFS gﬁtﬁgsgjt?i(f_lfj%%o?cse%?con fine structure

exhibits a hexagonal columnar mesophase between 95 anclil‘ 'f;rr]]'tchgﬂilgg
181 °C. Related to ionic liquids are the inorgasierganic mppyr  1-methyl-1-propylpyrrolidinium

hybrid materials that are prepared by ionic self-assefbi§? OTf trifluoromethanesulfonate or triflate
phen 1,10-phenanthroline
9. Conclusions and Outlook RTIL room-temperature ionic liquid
SEg triethylsulfonium
This review gives an overview of the research possibilities SHE standard hydrogen electrode
that are offered by combining ionic liquids with f-elements. Tf,N bis(trifluoromethylsulfonyl)imide
Many ionic liquids are solvents with weakly coordinating tta 2-thenoyltrifluoroacetonate

anions, and solvation of lanthanide and actinide ions in these
solvents is different from what is observed in conventional
organic solvents and water. The poorly solvating behavior
can also lead to the formation of coordination compounds The author wishes to thank Dr. Peter Nockemann for his
with low coordination numbers. The solvation of f-elements help in preparing the figures of the crystal structures and to
can be simulated by molecular dynamics simulations with acknowledge the K.U.Leuven for financial support (Project
explicit representation of the solvent or can be directly probed IDO/05/005).

by spectroscopic methods. lonic liquids turned out to be a

promising solvent for near-infrared emitting lanthanide 15 note Added in Proof

complexes. It is often mentioned that one of the main

advantages of ionic liquids is their resistance to strongly  After the submission of the final version of the manuscript,
oxidizing or reducing agents; that is, ionic liquids have a some additional papers were brought to my attention and
large electrochemical window. However, not all ionic liquids new papers relevant to the subject of this review have been
are suitable for study of the electrochemical properties and published. Khosropour and coworkers tested the cerium salts
electrodeposition of f-elements. The metals of the lanthanidesCe(NG)3-xH,0O, CeCh-7H,O and (NH)[Ce(NGs)e] as

and actinides are very electropositive elements, and they will catalysts for the dehydropyranylation of benzyl alcohol in
reduce imidazolium cations. More resistant against reductionthe ionic liquid [Cpy][FeCl].?3* Excellent results were
are quaternary ammonium and phosphonium cations. lonicobtained for (NH),[Ce(NGs)¢] (CAN). This salt was found
liquids offer a large potential in the field of processing of to be a useful reagent for the protection of hydroxyl group
spent nuclear fuel elements. The advantage is that theby conversion to the corresponding tetrahydropyranyl, tet-
processing can be carried out at much lower temperature inrahydrofuranyl and trimethylsilyl ethers. Gadolinium(lll)
ionic liquids than in inorganic molten salts. This not only triflate was used as a catalyst for the acylation of alcohols,
reduces the energy cost but also increases the safety. Th@henols and amines in the ionic liquids,fAim][BF4] and

fact that several ionic liquids strongly absorb neutrons [Csmim][PF].2%25-Lactams were obtained from imines and
(especially boron- and chlorine-containing ionic liquids) acetyl chlorides in [Gpy][BF4], with the aid of catalytic
reduces the risk of criticality accidents. The study of metal- amounts of ytterbium(lll) triflaté3® The same rare-earth salt
catalyzed organic reactions in ionic liquid media is a very was used for the synthesis of 1,2-dihydroquinolines from
popular research theme. It is therefore not surprising that anilines and acetone in the ionic liquid4@im][BF4].?34 Sun
lanthanide-mediated organic reactions are being performedand coworkers separated scandium(lll) from yttrium(lll),
in ionic liquids as well. The possibility to recycle the Ilanthanum(lll) and ytterbium(lll) by solvent extraction using
lanthanide catalyst that is immobilized in the ionic liquid the [Gmim][PF/Cyanex 925 system as the organic ptvase.
and the possibility of easy product separation have stimulatedBiinzli and coworkers investigated the phase transitions in

11. Acknowledgment
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the europium(lll)-doped ionic liquid crystal j[@nim]CI by

monitoring the luminescence intensity and the luminescence

decay time as a function of the temperattieGiridhar et

al. reported a study on the electrochemical properties of

uranyl nitrate in [Gmim]CI.2%7
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