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1 Introduction

The present review is aimed at describing the state-of-the-art, for the
period January-December 2014, of two pillar classes of phosphorus-
containing compounds, the phosphonium salts and ylides. The import-
ance of these derivatives is revealed by the very high number of references
cited herein. For the Reader’s convenience, topics are organized to
offer an introductory survey on the methods of preparation and charac-
terisation of both types of compounds, followed by an analysis of appli-
cative and curiosity driven research. A special section is devoted to
phosphonium-based ionic liquids (PILs).

2 Phosphonium salts

2.1 Synthesis and characterisation

The quaternisation of phosphines with electrophiles or Brgnsted acids is
doubtlessly the most typical and simple reaction for the preparation of
phosphonium salts. The preparation of most phosphonium salts re-
ported in the period surveyed by this review followed this approach. The
structures of these compounds are summarised in Fig. 1.

Mechanistic studies on the quaternisation reaction were performed by
Salin and co-workers." They investigated the strong acceleration of the
quaternization of triphenylphosphine using maleic and cis-aconitic acids
as electrophiles. The kinetic effect was rationalized on the basis of spatial
structures of the generated zwitterions.

Rates and energy barriers of degenerate halide substitution on tetra-
coordinate halophosphonium cations were measured using NMR tech-
niques (VT and EXSY) and computational methods by Gilheany and
coworkers.” Experiments were in favour of a two-step mechanism for the
formation of a pentacoordinate dihalophosphorane via backside attack
followed by dissociation. The reaction of phosphines with a highly elec-
trophilic in situ generated aryne was reported to proceed with the for-
mation of a phosphonium zwitterion by Biju and coworkers.” The latter
further reacted with water or aldehydes, yielding the corresponding
aromatic phosphonium salt or benzaphosphole systems, respectively.
The oxidation of highly hindered triarylphosphines with O, in the pres-
ence of AgClO, was studied by Sasaki and co-workers.* A five membered
ring phosphonium salt was observed as the product. Structural prop-
erties of phosphonium molecules were also investigated by NMR in a
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Fig. 1 Structures of phosphonium salts described throughout ref. 3—19.

paper by Aganova et al., who described two pyridoxine-substituted
phosphonium salts.” Lin and Chen® reported that (n’-CsH,)(PPh;),RuCl
catalysed the dimerization of arylalkynes when used in amounts as low as
1 mol%. Surprisingly, stoichiometric amounts of the same ruthenium
complex led to the formation of the cyclotrimerization product, yielding
polyarylphosphonium salts. Kilian and co-workers reported the synthesis
and reactivity of a peri-backbone-supported phosphonium-phosphine
system’ which showed a fascinating behaviour when combined with
different molecular complexes. Analogously, Lopez-Leonardo et al.® re-
ported the m-insertion reactions of arynes into the P=N bonds, which
proceeded through zwitterions and led to the formation of 2-aminoaryl-
phosphonium salts. In a study by Long and co-workers, bis(diphenyl-
phosphino)alkanes were treated with excess 1-bromododecane to prepare
gemini phosphonium surfactants.” The properties of such compounds
were investigated via isothermal titration calorimetry and solution rhe-
ology. Some of them were also electrospun to generate uniform fibers.
Phosphonium-functionalised polymeric materials such as aliphatic
polycarbonates containing pendant benzyl chloride groups were syn-
thesized by Hedrick and co-workers via organocatalytic ring-opening
polymerization.'® The latter were then functionalised with diethanol-
amine, phosphonium, and azide groups.

Phosphonium groups were also attached to a polypeptide. In particu-
lar, the synthesis, characterisation and cell-penetrating properties of a
tributylphosphonium-tagged polymer were described by Cheng and co-
workers."' The preparation of a polysiloxane functionalised via a
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hydrosilylation reaction with allyltributylphosphonium bromide was re-
ported by Liang et al.'®> Such a polymer showed a very low glass transition
temperature and high ion content.

Phosphonium moieties also found applications in the field of or-
ganometallic chemistry. Zhang, Xia and co-workers prepared and char-
acterised an osmaphenol complex (in which osmium is part of the
aromatic ring) bearing a triphenylphosphonium group.’? The use of
phosphonium groups in the preparation of this class of organometallic
compound is very common as observed in a recent review by Cao et al."*
Dimé et al. reported that controlled potential electrolysis of a triaryl-
mesosubstituted Ni(u) porphyrin in the presence of triphenylphosphine
as a nucleophile allowed the electrochemical synthesis of the corres-
ponding phosphonium derivative.'”> Polymeric organometallic materials
were also described. Ragogna, Gilroy and co-workers reported the syn-
thesis and characterization of a class of highly-metallised, redox-active
polyelectrolytes having phosphonium groups as a scaffold for the
installation of transition metals."® Pyrolysis of thin films of these poly-
electrolytes resulted in the production of magnetite crystallites and ill-
defined carbon-, phosphorus- and oxygen-rich phases in char. Pal, Jana
and Nayek studied the use of tetrakis(2-pyridylamino)phosphonium
chloride as ligand precursor.’”” Both mononuclear complexes and a co-
ordination polymer were obtained by using Zn, Ni, Co and Cu. The oxi-
dation product of the same ligand was used in the preparation of discrete
and polymeric Cu(un) complexes by Boomishankar and co-workers.'®
Wood, Humphrey and co-workers obtained two new isostructural ma-
terials by the reaction of Pr and Nd complexes with a tris(p-carboxylated)
methyl-triphenylphosphonium ligand." The later allowed access to ma-
terials with uncommon metal-to-ligand ratios. A series of new mono-
nuclear and heteronuclear complexes of carboxylate phosphonium
betaines with biologically important metals (Zn(u), Cd(u), Hg(u) and
Cu(n)) were obtained by Galkina et al.”® The ligand binding mode was
clarified by X ray diffraction (XRD).

Phosphonium cations are often incorporated to obtain crystals suitable
for XRD structural characterisation. This approach has been employed
for studies on: (i) the reduction of rhenates(vi) with hydrogen chloride;*'
(ii) the structure of bis(iso-maleonitriledithiolate)nickelate(u);** and
(iii) the structural comparison of phosphonium- and arsenic-dithio-
carbamates.?® X-ray diffraction was also used in the characterization of
tetra-n-butylphosphonium bromide semiclathrate hydrate.**

The latter class of compounds elicited a great interest because of their
ability to entrap gas molecules, of which carbon dioxide is a remarkable
example. Paricaud and co-workers reported an interesting insight on
the dissociation conditions of CO, from several ammonium salts and
tetra-n-butyl phosphonium bromide ([P,444]Br) semiclathrate hydrates.>”
Ye et al.*® described a comparison between phase equilibrium and
morphology characteristics of hydrates formed by [N,444]Cl and [P4444]Cl
with and without CO,.

Phosphonium salts are involved in the preparation and use of
Frustrated Lewis Pairs (FLP). The Erker group studied the reaction of
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intermolecular FLPs such as t-BuzP/B(CF5); and (o-Tolyl);P/B(CeFs); with
the conjugated enyne 2-methylbutenyne (Scheme 1).>

The same research group also described the first example of the
phospha-Stork reaction.”® The carbon-carbon coupling of aryl aldehydes
with bulky vinyl phosphanes (i.e. mesityldivinylphosphine) was possible
with the help of B(C¢Fs);. In addition the reaction of dimesityl(vinyl)-
phosphine with bulky enones yielded the corresponding substituted
cyclobutane products (Scheme 2).

The analogy of such compounds with iminium cations was manifest
and it was underlined by further work of the group.® Most recently, they
also reported the phosphonium assisted preparation of heterocyclic five
membered zwitterionic borata-diene compounds (Scheme 3).*°

A new dicationic phosphonium salt, characterised by a high Lewis
acidity, was described by Stephan and co-workers (Scheme 4).>" Studies
on the reactivity of this compound showed its potential as Lewis acid
catalyst for the hydro-defluorination of fluoroalkanes and the hydro-
silylation of olefins.
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Scheme 1 Reaction of the phosphine/borane FLPs with 2-methylbutenyne.
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Scheme 4 Preparation of a dicationic phosphonium—imidazolium salt.
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Wang and co-workers synthesised a phosphine-borane Lewis pair
connected by a U-shaped linker (Fig. 2).>> The photo-physical properties
of this compound were examined and compared with the corresponding
phosphonium salt, obtained by methylation with Mel, and the Au(i) and
Pt(u1) complexes where the phosphine-borane Lewis pair was used as a
ligand.

In the field of supramolecular chemistry phosphonium salts frequently
appear as host modifiers. For example, the self-assembling behaviour of a
tetracationic phosphonium porphyrin with CdTe quantum dots was in-
vestigated by electrochemical methods.>® In a remarkable study by
Ganguly, Das and co-workers, the use of two phosphonium moieties
allowed the preparation of a compound bearing active methylene func-
tionalities which preferably bind to F~ and OAc ™~ species.** Phosphonium
cations can also act as guest species. Wang et al. reported®”*® experi-
mental and in silico investigations on the mechanism of ion recognition
of calix[4]pyrrole bis-phosphonate receptors by ethylammonium and
tetramethylphosphonium cations.

2.2 Applications in synthesis

The particular features of phosphonium salts were exploited for a num-
ber of synthetic applications in 2014. Phosphonium chloride salts found
applications as chlorine source and as modifiers for homogeneous
catalyst systems. As an example, Miiller, Rosenthal and co-workers
reported the study of a chromium-based catalyst for the selective tri-
merization of ethylene.’” A phosphonium precursor of the type ([cyclo-
(PR,CH,CH(OH) ),][Br],) was used for the preparation of iron(u)
complexes containing unsymmetrical P-N-P’ pincer ligands (Scheme 5).
The group of Prof. Morris tested these compounds as catalysts for the
asymmetric hydrogenation of ketones and imines.**
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Fig. 2 U-shaped linker-connected phosphine—borane Lewis pair.
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Scheme 5 [cyclo-(PR,CH,CH(OH) ),l[Brl, as precursors for asymmetric organometallic
catalysts.
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The [*°TcO,4]” anion strongly interacts with quaternary phosphonium
cations. This feature was exploited for the preparation of Tc complexes.
Tridentate ligands such as 1,4,7-triazacyclononane (tacn) were used to
replace [R,P-O]" groups, thereby forming a water stable
[**™Tc""05(tacn)]” complex, as reported by Alberto and co-workers.*”
Methallyloxytris(dimethylamino)phosphonium hexafluorophosphate
[C4H,OP(NMe,);]PFs~ was used by Dridi, Mechria and Msaddek as an
allylating agent for the synthesis of cationic m*-methallylpalladium
complexes.’® A very easy procedure for the preparation of 2-carboxy-
ethyltriphenyl phosphonium tribromide, was reported by Dey and
Dhar.*! The catalytic activity of this salt was found to be excellent for the
silylation of alcohols and thiols by hexamethyl disilazane. Covalent an-
choring of a triphenylphosphonium moiety on the surface of silica
nanoparticles (NPs) was described by Hajipour and Azizi.** These authors
also reported the preparation of a palladium complex anchored to the
phosphonium-modified silica NPs. The resulting material was tested as
catalyst for the Heck reaction in water.

The features of the phosphonium functional group were exploited by
Mukhopadhyay and co-workers in order to achieve isolation of the first
naphthalenediimide (NDI) radical ion (Scheme 6).*

Reichl and Radosevich investigated the preparation of Z-enediynes
by a vicinal dialkynylation of triaryl(aryl-ethynyl)phosphonium cations
(Scheme 7).** The reaction proceeded under mild transition metal-free
conditions, with an excellent control of configuration.

The Cavicchi group reported the synthesis of tributyl- and triphenyl-
phosphonium functionalised RAFT agents and their use in the bulk,
thermally initiated polymerization of styrene (Fig. 3).*°

Phosphonium salts can also appear as synthetic intermediates. An
example was reported by Manna and co-workers.*° In the preparation of 1H-
indazoles from o-aminobenzoximes in the presence of triphenylphosphine,

Scheme 6 First example of naphthalendiimide radical anion.
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Scheme 7 Dialkynylation of triaryl(arylethynyl)phosphonium cations.
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Scheme 8 Triphenylphosphonium assisted N-N bond formation.

I,, and imidazole, a phosphonium derivative is formed and acts as
leaving group (Scheme 8).

In work by Ji et al.,*’ the reaction of a-hydroxyallylphosphinates with
Ph;P and CCl, was investigated: the substitution of hydroxyl and migration
of double bond allowed the preparation of y-chloroallylphosphinates with
a high stereoselectivity. These authors proposed a mechanism by which an
in situ-formed phosphonium cation acted as a Lewis acid (Scheme 9).

The formation of a phosphonium moiety as protecting group was the
key for the first ketone selective alkylation in the presence of reactive
enones, as reported by Fujioka and co-workers.”® In the field of phase
transfer catalysis (PTC), a review article by Remond and Juge described
the use of P-chirogenic organophosphorus compounds in asymmetric
organocatalysed processes.”” Shirakawa et al. reported the use of chiral
bifunctional quaternary phosphonium bromide catalysts in the nucleo-
philic aromatic substitution reaction of 3-aryloxindoles (Scheme 10).>°
The presence of a urea moiety in the chiral phase transfer catalyst was
crucial to induce high enantioselectivity.

Kadyrov and Hackenberger investigated the use of a series of ammo-
nium and phosphonium catalysts in the biphasic oxidative cleavage of
long chain olefins with aqueous hydrogen peroxide catalyzed by Na,WO,/
H,PO,/PTC.>*

Among coupling agents, (benzotriazol-1-yloxy)tris(dimethylamino)phos-
phonium hexafluorophosphate (BOP) is an important representative in
the field of peptide coupling. In a paper by Kumar et al., an efficient and
straightforward pathway for the synthesis of 2-arylated quinoline de-
rivatives proceeded via the one-pot cross-coupling of boronic acids and
2-OH quinoline derivatives. The latter was activated in situ by BOP.>>
Lakshman and co-workers also described a reaction of BOP with alcohols
in the presence of a base. The resulting 1-alkoxy-1H-benzo- and 7-aza-
benzotriazoles were isolated and characterised.” Saito and Wada com-
pared the use of BOP with other different phosphonium-based coupling
agents for solid-phase peptide synthesis.>* These authors demonstrated
that 3-nitro-1,2,4-triazol-l-yl-tris(pyrrolidin-1-yl)phosphonium hexafluoro-
phosphate (Fig. 4) gave the best results.
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Scheme 11 PyBroP promoted addition of silyl ketene acetals to azine-N-oxides.

A similar reagent, bromotripyrrolidinophosphonium hexafluorophos-
phate (PyBroP) (Scheme 11) was investigated for the addition of silylketene
acetals to azine-N-oxides. This procedure afforded several o-(2-
azaheteroaryl)acetates.””

Tetrakis-(hydroxymethylene)phosphonium salts ([P(CH,OH),]" or
THP) have found significant applications in recent years. THP salts ex-
changed with different anions were widely reported for the production of
gels.>*®° The chloride salt (THPC) was used as micro- and nano-particle
stabiliser,®""** and in the preparation of a new leather flame retardant.®*
The sulphate salt (THPS) was successfully employed as a metabolic un-
coupler to reduce sludge production.®® Gu and Li also investigated the
application of THPS in the mitigation of Desulfovibrio vulgaris biofilm
and bio-corrosion pitting.®® Finally, THPS was reported as a reagent: it
was transformed to the multifunctional monomer tris(allyloxy-
methyl)phosphine oxide for the preparation of two kinds of new phos-
phorus-containing crosslinked polymer materials.®”®®

2.3 Medical and biological applications

In medicinal chemistry, the ability of phosphonium salts to accumulate
in mitochondria was exploited for different purposes. Antonenko and co-
workers prepared a triphenylphosphonium-functionalised fluorescein as
a probe that accumulates in mitochondria.®” The compound proved to
facilitate proton transfer across membranes and mitochondrial respir-
ation. A mitochondria-targeted, phosphonium-tagged Ebselen drug was
synthesised and tested by Stoyanovsky, Kagan and Bayir.”” The modified
metabolism of peroxides caused by the drug was speculated to mitigate
the effect of ionising radiation exposure.

As previously mentioned, phosphonium salts may activate [TcO,] .
This feature was used to obtain *°Tc complexes for imaging in radio-
medicine.”"”* Similarly, phosphonium salts were used as agents for PET
imaging based on labelled '*F compounds.”*®* A structure-activity re-
lationship study of a library of novel bifunctional Gd(u) complexes co-
valently bonded to arylphosphonium cations was reported by Morrison
et al.®® Such complexes were designed for potential application in binary
cancer therapies such as neutron capture and photon activation thera-
pies. Mononuclear Cu(u) complexes of hydrazone ligands containing a
triphenylphosphonium moiety were synthesized and characterized by
Tan and co workers.** One of the prepared complexes showed a re-
markable high cytotoxicity against a human prostate adenocarcinoma
cell line (PC-3). Cook and co-workers demonstrated that the
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incorporation of the alkyltriphenylphosphonium function significantly
increased the concentration and biological activity of a series of phe-
nothiazine derivatives.®® The most active compound showed inhibition
of M. tuberculosis growth at 0.5 pg mL~". In a paper by Odinokov and co-
workers, the functionalization of betulin and betulinic acid with triphe-
nylphosphonium groups was described.®® The in vitro tests demonstrated
a high antischistosomal activity of triphenylphosphonium derivatives of
triterpenoids against newly transformed schistosomula and adult worms
of Schistosoma mansoni. N-succinimidyloxycarbonylmethyl)tris(2,4,6-tri-
methoxyphenyl)phosphonium bromide (TMPP) was efficiently used as a
labelling agent for protein N termini derivatisation. This approach
allowed the reduction of annotation errors in the translational start
codon.®” Turfus and co-workers reported the use of phosphonium groups
for signal enhancement of glucuronide conjugates in LC-MS/MS for fo-
rensic purposes.®® A number of drug glucuronides were successfully
derivatized with 3-[tris(trimethoxyphenyl)phosphonium]-1-propanamine
to introduce cationic functionality. The antimicrobial properties of
phosphonium compounds was extensively described and used for many
applications. A novel antibacterial ethyltriphenylphosphonium bromide-
polyacrylonitrile fiber was obtained by Zhao and co-workers through
cation exchange starting from the sodium form of the resin.*>*° The
results showed good antibacterial abilities against E. coli and S. aureus.
Guo et al. detailed the preparation of N-phosphonium chitosans (NPCSs)
with different loadings (3%, 13% and 21%). These compounds
were evaluated as polymeric antibacterial agents®® Ao and co-workers
described the preparation of novel polymeric triphenyl- and tributyl-
quaternary phosphonium salt bactericides.’” Structural characterizations
and thermostability tests showed that all the bactericides had
excellent thermal stabilities, especially in the case of triphenylphos-
phonium derivatives. Xiao and co-workers developed a novel quaternary
phosphonium-type cationic polyacrylamide with pendant butyl-
triphenylphosphonium bromide acting as a bactericidal moiety.”?
Atomic force microscopy (AFM) was employed to track the dynamic
process of killing bacteria and to investigate the antibacterial mech-
anism. The results indicated that the incorporation of quaternary
phosphonium salt imparted both antibacterial and antiviral activity
to the material. In a study by Li et al.®* rubber was firstly ring-opened
by bromoacetic acid and then modified by antimicrobial quaternary
phosphonium groups. A novel insoluble bactericidal ceramisite filler
was obtained and characterised by Zhang, Lii and Han.””> The material
was obtained by immobilizing 3-(trimethoxysilyl)-1-propanamine
onto the surface of ceramisite and then, by further reacting the amine
function with (bromopropyl)triphenylphosphonium bromide. A paper by
Kong et al. described the use of 4-carboxybutyltriphenylphosphonium
bromide to obtain a grafted cellulose.”® The product showed good anti-
bacterial property against E. coli. Phosphonium groups with anti-
microbial activity were also grafted onto carbon nano-tubes (Karamanos,
Kallitsis and co-workers)”” and activated carbon spheres (Shi and
co-workers).”®
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2.4 Miscellaneous applications

Rey, Corma and co-workers described the preparation of a new micro-
porous zeolite silicoborate with interconnected small and medium
pores.”® This interesting new material was obtained using the 1,4-
butanediylbis-[tris(dimethylamino)]phosphonium dication as an organic
structure director agent. The most common crystalline phases of poly-
vinylfluoride are o and PB. The latter is desired because of its piezo- and
pyroelectric properties. Tiwari, Misra and Khakhar investigated the
ability of benzyltriphenylphosphonium chloride to directly nucleate the 8
phase from melt.'”® Different triphenylphosphonium halide salts were
investigated as corrosion inhibitors for mild steel in phosphoric'®"'%
and sulphuric acid.'® Butyltriphenyl phosphonium salts were tested for
limiting the corrosion of the zinc negative electrode of zinc-cerium
hybrid redox flow batteries in methanesulfonic acid.'®* The reaction
between tetrahydroxymethylphosphonium sulfate and different fatty
acids allowed Aiad and co-workers to produce the corresponding
surfactants exhibiting corrosion protection ability and biocidal effects.'®

In a review article on the preparation of ion-exchange materials and
membranes, phosphonium groups were claimed to be rarely used,
mainly due to their relatively low chemical stability.'’® In this field,
however, several recent applications of phosphonium salts were reported.
In a paper by Chevalier and co-workers, the preparation of elastomeric
polymethylsiloxane membranes bearing cationic exchanging sites, was
achieved via quaternisation reactions between an alkylbromide functio-
nalised material and triphenylphosphine.'”” Wang et al. reported the
remarkable features of a tris(2,4,6-trimethoxyphenyl) phosphonium
chloride-substituted polyethersulfone membrane.'”® This material ex-
hibited a water permeability 35 times higher than the unsubstituted
analogue. The hydroxide form of the same membrane was developed by
Yan and co-workers.'” Such a material showed the best performance
for CO, separation when compared to imidazolium and ammonium
analogues. He and co-workers produced a quaternary phosphonium-
functionalized poly(ether ether ketone) which proved to be a highly
conductive and alkali-stable hydroxide exchange membrane, suitable for
fuel cell applications.'™® Other polymers were reported by the Balsara
group that developed a series of poly[(styrene)-block-((2-acryloxy)ethyl-
tributylphosphoniumbromide)] diblock copolymers."'" These materials
showed a low water uptake and high anionic conductivity due to the
hydrophobic character of the tributylphosphonium cations.

Long and co-workers described the synthesis of poly(ethylene glycol)-
based, cationic polyurethanes with pendant phosphonium groups in the
hard segment.""?

Negrea et al. reported the preparation of a polymer composed of
phosphonium pendant groups impregnated with crown ether (dibenzo-
18-crown-6). This material was loaded with iron ions to investigate ar-
senic removal from aqueous solutions.'*?

Phosphonium cations can also intercalate in clays. Different
studies were reported on the interaction of different phosphonium
cations with bentonites''*'"® and montmorillonites."'® The use of
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phosphonium-modified clays for the preparation of polymer-organoclay
nanocomposites was also extensively studied. For example, hydrophobic
phosphonium salts bearing long alkyl chains or aromatic substituents
were used to enhance the affinity of clays for polypropylene,'*” poly-
carbonate' ™" and EPDM synthetic rubber."** Wang et al. reported the
preparation of a series of dendrimer-based montmorillonites and
modified organic clay minerals, by using tetrahydroxymethylphos-
phonium chloride as starting material."*' The swelling and exfoliation
behaviour of protonated layered oxides using tetra-n-butylphosphonium
hydroxide [P,444][OH], was examined by Sasaki and co-workers."** Qua-
ternary ammonium cationic polymers, such as poly-(diallyldimethy-
lammonium chloride) are widely used for drinking water purification,
but they are suspected to produce carcinogenic N-nitrosamines during
chloramine-based disinfection. For this reason, Mitch and co-workers
synthesised and tested the phosphonium cationic polymer analogue.'?
Plugs caused by natural gas hydrates are a costly problem, and their
prevention is a major concern for the oil and gas industry. Magnusson
and Kelland evaluated the synergism of five tetraalkylphosphonium
bromide salts with N-vinylcaprolactam-based polymers as kinetic hydrate
inhibitors and antiagglomerants."* The stability of aqueous [P4444][OH]
solutions and their potential for wheat straw extraction were investigated
by Hyvikko et al.'*’

3 Phosphonium-based ionic liquids (PILs)

Phosphonium-based ionic liquids (PILs) have elicited a phenomenal
interest due to their low viscosity and high thermal and electrochemical
stability, especially when compared with ammonium analogues. To
evaluate possible applications of PILs, several studies investigated the
physico-chemical properties of such compounds, while, at the same time,
computational methods were developed to predict the viscosities, dens-
ities, etc. of PILs.

The focus of the following paragraph is mostly on PILs, but also con-
sidered are phosphonium-based deep eutectic solvents (PDES).

3.1 Preparation and characterisation

In recent years the chemistry related to the preparation of ILs has
received valuable contributions. A review article by Jangu and
Long highlighted remarkable applications of phosphonium- and imida-
zolium-based ionic liquids for the preparation of polyelectrolytes.'*®
Heinicke and co-workers described the preparation of zwitterionic
phosphonioglycolates obtained by reaction of phosphines with glyoxylic
acid hydrate (Fig. 5)."”” The thermal stability of the zwitterionic com-
pounds was investigated. Lall-Ramnarine et al. reported on the synthesis
and characterization of four new cyclic phosphonium bis(tri-
fluoromethylsulfonyl)amide ILs with aliphatic and aromatic pendant
groups (Fig. 5)."*® These compounds proved slightly less conductive than
their cyclic ammonium congeners. Warner and co-workers described a
new class of PILs obtained from anionic fluorescein derivatives paired to
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phosphonium cations'*® These PILs were fluorescent probes for highly
selective and sensitive detection of albumins. The synthesis and detailed
characterization of tetraalkyl phosphonium oxalate ionic liquids were
described by Quiroz-Guzman et al.'*® Metal-containing PILs can also be
prepared. A review by Estager, Holbrey and Swadzba-Kwasny focused on
the preparation, properties and application of halometallate ILs."*' In
this field, Strauch and co-workers discussed the crystallographic and EPR
spectroscopic characterisation of five tetrachlorocuprate(i) complexes,
explicitly bis(benzyltriethylammonium)-, bis(trimethylphenylammonium)-,
bis(ethyltriphenylphosphonium)-, bis(benzyl-triphenylphosphonium)-,
and bis(tetraphenylarsonium)tetrachloridocuprate(i).'**

In work by Santos and co-workers, the preparation and character-
isation of four magnetic ionic liquids based on the trihexyl(te-
tradecyl)phosphonium cation and different magnetic anions, namely
([Pe6614]2[COCLy], [Pees14l[FeCL], [Pessrala [MNCL] and [Pege14]s[GACls]),
were reported.’®® Also reported were density, viscosity and thermal
properties, together with magnetic susceptibility, and carbon dioxide
solubility. Kibler and Sundermeyer reported the synthesis and charac-
terisation of new unsymmetrically-substituted ferrocenyl-phosphonium
ionic liquids (Fig. 5)."** Functionalisation of the cyclopentadienyl ring
was accomplished through a Friedel-Crafts phosphorylation. Wu and
co-workers developed the synthesis of ammonium and phosphonium
polyoxometallate ionic liquids."*” The latter compounds had a layered
type structure and exhibited a phase transformation below 100 °C.

The effects of pressure and temperature on the physico-chemical
properties of PILs were also examined."”**'*” Different theoretical pre-
dictive models were developed on the subject.*®'*® Noteworthy were
theoretical investigations on the cation-anion interactions in PILs com-
pared to ammonium ionic liquids,'*® and an all-atomistic force field for a
new class of halogen-free chelated orthoborate PILs."*' A study was also
reported on an ion contribution equation of state based on electrolyte
perturbation theory for the calculation of ILs densities.'*?

Photoinduced intramolecular charge transfer dynamics of 4-(9-
anthryl)-N,N-dimethylaniline and 9,9’-bianthryl, was investigated by
Nagasawa, Miyasaka and co-workers via time-resolved fluorescence
spectroscopy in several ILs."** It was shown that the dynamic Stokes shift
in the sub-ns to ns time range was solute-dependent in PILs. This
behaviour was discussed from the viewpoint of the hierarchy of the
solvation dynamics. The molecular and electronic structures of six PILs,
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Fig. 5 Structures of PILs described throughout ref. 127-134.
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all bearing the [Peee14] cation, were obtained via DFT quantum chemical
calculations by Clara Wren and co-workers.'** A strong correlations be-
tween the calculated and the measured physical and chemical properties
was observed. Yonekura and Grinstaff prepared a series of mono- and
di-cationic phosphonium cations and combined them with seven
monoanionic counterions.'*> The effect of anion size and chemical
structure on the rheological and conductive properties of the resultant
ILs was studied. Blundell and Licence investigated the properties of a
series of ammonium-based ionic liquids and their phosphonium anal-
ogues using X-ray Photoelectron Spectroscopy (XPS).'*® The analysis
revealed that only for short alkyl chains anion, the N-P substitution had a
significant impact on the electronic environment of the anion. The same
subject was investigated by Carvalho et al. through the measurement
of densities, viscosities, melting temperatures, activity coefficients at
infinite dilution, refractive indices, and toxicity against Vibrio fischeri.**’
New insights on the ionic liquid-vacuum outer atomic surface were
studied by Villar Garcia et al."*® Elements present in the surface of 23
ionic liquids were identified using high sensitivity low-energy ion
scattering.

The radiation stability of a variety of imidazolium, quaternary ammo-
nium, and phosphonium cation-based ILs was investigated by LaVerne
and co-workers.'*® y-Rays, 2-15 MeV protons and 5-20 MeV helium ions
were used to examine the potential hazards for application of ILs in
advanced nuclear fuel cycles. Santos et al. evaluated the toxicity of ILs to
microorganisms of interest in the food industry, in order to assess their
suitability as solvents in biotechnological processes such as food pro-
duction via microbial synthesis.'>® Forsyth and co-workers employed
anisotropic MRI contrast to investigate the structure of organic ionic
plastic crystals.’®® This approach made available a new characterization
method for understanding polycrystalline domain structure and trans-
port in plastic crystals and other solid-state conductors. For example,
triethyl(methyl)phosphonium bis(fluorosulfonyl)imide samples with
different thermal history demonstrated vast variations in microcrystallite
alignment. Another exciting new technique was reported by Lago and co-
workers."”? The Z-scan technique was used to characterise the nonlinear
refraction induced by a train of ultrashort laser pulses for a set of ionic
liquids. This was related to structural parameters such as cation and
anion type, and alkyl chain length in the cation. Among other par-
ameters, viscosity of pure ILs,'>® as well as of their mixtures with mo-
lecular solvents,'>* was of interest. Also, ternary systems consisting of
an IL, an organic solvent and water were considered.'” The interaction
of ILs with common solvents as well as with other ILs was carefully
investigated. Heitz and co-workers reported a study on [Pgge14][Cl]/
methanol binary systems. A non-linear dependence of viscosity on mole
fraction was observed below Xj; <0.1 while the data vary linearly with
mole fraction for X;;>0.1."°° Studies on mutual miscibility of tetra-
fluoroborate PILs with common solvents, such as cyclic hydrocarbons*®’
and diols™® were also reported. Mixtures of immiscible ionic liquids
including PILs were investigated by Palomar and co-workers,"”’
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demonstrating the potential of biphasic IL mixtures for extraction/
separation procedures. The Coutinho group observed that mixtures of
ionic liquids enabled the formation of eutectic systems with very low
melting points.'®® The solubility of sodium chloride in phosphonium-
based deep eutectic solvents was studied by Mjalli and co-workers."®"
Many investigations were focussed on the use of ionic liquids for carbon
dioxide sorption and fixation technologies.'®>'® and PDES.'®® Task-
specific PILS based on the [Pgg614] cation and aprotic heterocyclic anions
were specifically designed for CO, capture by the Brennecke group.'®’
Amino acid-based anions were used for the preparation of PILs for car-
bon dioxide manipulation. Trihexyltetradecylphosphonium lysinate
demonstrated a very promising activity for the reversible absorption of
CO,."*® Similarly, glycinate salts bearing [Pege14], [Pasas] and [Praz5] cat-
ions were prepared and tested as carriers of CO, through membranes.'®’
The CO,/N, permselectivity was improved using triethyl (pentyl)phos-
phonium glycinate. The solubility of other gases such as methane,
ethane, ethylene and propane in trimethyloctylphosphonium bis(2,4,4-
trimethylpentyl) phosphinate was investigated by Prausnitz and
co-workers."” %!

3.2 Applications in synthesis

Ionic liquids can be used either as solvents or catalysts in chemical re-
actions. One of the most studied transformations has been the insertion
(cycloaddition) of CO, in epoxide rings to afford cyclic carbonates. In this
field, the use of ILs and related catalysts such as choline chloride-metal
halide mixtures was reviewed by Kerton and co-workers."’> Galvan et al.
evaluated the use of halide-free PILs as catalysts, using salts having weak
organic acid anions, under solvent free conditions.'”® The authors pro-
posed a catalyst decomposition mechanism in order to explain the
deactivation of the catalytic system. Similarly Brennecke, Schneider and
co-workers studied the competing reactions of CO, with cations and
anions in azolide PILs (Fig. 6)."”* The work shows that careful consider-
ation of both physical properties and chemical reactivity of PILs is needed.

Bifunctional phosphonium salts, bearing an alcoholic function on the
phosphonium cation, were synthesized and tested by Werner and Biittner
(Fig. 6)."”° The hydrogen-bond donating function led to a synergistic
effect accelerating the catalytic reaction.

Sheng-Lian and co-workers prepared functionalized PILs bearing
carboxylic, alcoholic or amino groups as catalysts for the cycloaddition to
epoxides (Fig. 6)."”® In order to obtain easily recyclable catalysts, the same
authors developed polymer-grafted asymmetrical di-cationic PILs'’” and
chitosan-grafted PILs.'”® A study by Soares and co-workers demonstrated
that octadecyltriphenylphosphonium iodide acted as an activator of
silanol groups in scCO, to increase the grafting density of silane agents
on silica."”®

Selva and co-workers described the application of the basic
[P18ss][OCOOCH;] ionic liquid as catalyst for the transesterification re-
action of dimethylcarbonate and benzyl alcohol.'®® The procedure they
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developed allows the efficient preparation of dibenzylcarbonate. The
same research group developed a procedure for the transesterification of
dialkyl carbonates with diols catalysed by carbonate [P;ggs].'®' Using
these catalysts, the authors focused mainly on the competition between
cyclic carbonates and linear dicarbonate products.

Zlotin and Vasil’ev studied the influence of ionic liquids on the pal-
ladium-catalyzed reaction between diethyl malonate and allyl acetate."®*
The presence of 1,3-dialkyl-imidazolium ionic liquids afforded the
monoallylation product, while 1,2,3-trialkylimidazolium or quaternary
ammonium/phosphonium salts promoted diallylation. PILs were also
investigated as reaction solvents. Mason and co-workers used
[Pess14][NTS,] as the solvent for a Pd salt-catalysed Suzuki-Miyaura
coupling in the presence of gramine-based N-substituted phosphines as
ligands."®* A biphasic ionic liquid/water system outperformed catalysis in
neat ionic liquid and provided higher yields at lower temperatures. Yang
et al. investigated the synthesis of benzylsalicylate using a dual-site phase
transfer catalyst in a triphasic system obtained by mixing the reactant
benzyl bromide, aqueous salicylate and [Ps4414][CH3S0;].***'® The in-
fluence of different ionic liquid media on the addition of hydroxylamine
to nitriles was investigated by Voros et al.'®® The same research group
showed that the application of specific imidazolium, phosphonium and
quaternary ammonium based ionic liquids prevented the formation of
amide side-product.'®” Tetrabutylphosphonium Brgnsted acidic ionic
liquids were used to obtain thermoregulated phase-separable reaction
systems for the hydroxyalkylation of phenol with formaldehyde to
bisphenol F.**® In the field of biotechnology, a protocol for the enzymatic
hydrolysis of rice straw was developed by Yang and Fang.'®
[Pess14][CoH19COO] was used as the solvent during an ultrasound medi-
ated pre-treatment.

3.3 Extraction and separation technologies based on PILs

Ionic liquid-based multiphasic systems have elicited a great interest in
the field of extraction and separation technologies. Aimed at developing
guidelines for efficient processes, theoretical studies as well as phase
diagrams for multiphasic systems were investigated in detail. Experi-
mental and theoretical studies were performed by Rabari et al. on the use
of phosphonium-based PILs (trihexyl(tetradecyl)phosphonium dicyana-
mide [Pgee14][C(CN),] and trihexyl(tetradecyl)phosphonium decanoate
[Peso14][DEC]) for biobutanol removal from fermentation broth.'”
Coutinho and co-workers reported phase diagrams for a series of ionic
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liquid-based aqueous biphasic systems."" The investigated PILs were
[P4444] chloride and bromide, [P;444][CH3S0,] and [Pyj444)][Tos]. Padro
et al. measured the partition coefficients of several organic compounds,
between water and ionic liquids such as [Peee14]Cl, [Pess14]BT,
[Peso14][NTE,] and [Peee14][C(CN),].*°% In particular, the latter PIL was
immobilised in alginate capsules and used for the removal of Cd(u) from
HCI aqueous solutions.'®® In a study by Soto and co-workers, the liquid -
liquid equilibria of a ternary system comprising water, n-dodecane and
[Pess14|[Ntf,] were determined. Also, density, viscosity and interfacial
tension of the involved phases were investigated.'”* Experimental values
of gas solubility of hydrofluorocarbons (CHF;, CH,F, and CH3F) in
[Pes614]Cl, [P1444][CH30S03] and [Py444][(C,H50),PO,] were determined by
Sousa and co-workers.'> A comparison between the Cubic plus Associ-
ation equation of state and the regular-solution theory modelling was
performed on the basis of the experimental measurements. Ramalingam
and co-workers evaluated the performance of DES in the extractive de-
nitrification of liquid fuels by the conductor-like screening model for real
solvents.'”® PDES gave higher capacities, but lower selectivities. In the
field of fuel desulfurisation, Domanska and Wlazlo investigated the effect
of the cation and anion of many other ionic liquids, including PILs, on
desulfurization of model fuels."” Dharaskar et al. focussed on the use of
[Pesc1a] [bis(2,2,4-trimethylpentyl) phosphinate], for the extraction of
benzothiophene from n-dodecane as fuel model."*® Coutinho’s group has
been very active in the field of extraction of organic compounds by ILs. Of
note were the study of (i) aqueous micellar two-phase systems with PILs
as co-surfactants for the selective extraction of (bio)molecules.”® and
(i) the application of several ILs based on ammonium, imidazolium and
phosphonium cations for complete removal of textile dyes from aqueous
media.>*

Another remarkable topic is the extraction of metals from aqueous
solution by using ILs. Binnemans’ group reported several studies on the
subject. Among them, interesting investigations were focused on the
dissolution of metal oxides in an acid-saturated [Pges14]Cl, followed by
selective stripping of the dissolved metal ions to an aqueous phase. This
was a new iono-metallurgical approach for the processing of metals in
ionic liquids.”®* Other applications include the development of a fluor-
ine-free solvent for the extraction of europium(im) and other trivalent rare
earth ions using trihexyl(tetradecyl)phosphonium N,N,N’,N'-tetra(2-ethyl-
hexyl)malonate, [Pgee14][MA] diluted in [Pege14][NO3]*°* and bis(2-ethyl-
hexyl)diglycolamic acid (DEHDGA) dissolved in [Ngggs] and [Peee14]
dodecylsulfate.>®® Also of note is the use of mutually immiscible ILs
such as 1-ethyl-3-methylimidazolium chloride and [Pggg14] bis(2,4,4-tri-
methylpentyl) phosphinate to extract rare earths,*** the development of a
process using [Pess14][NO3] to extract rare earths and separate them from
nickel or cobalt,>*> and the use of [Pgge14]Cl for selective extraction and
recycling of metals from nickel metal hydride batteries®*® and rare-earths
from NdFeB magnets.””” Extraction of rare earth ions was also studied
by Matsumiya et al.*°® using tri-n-butylphosphate in combination
with [Py,5][TFSA]. The latter PIL was proposed as solvent for direct
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electrodeposition of the recovered metals. Chiappe and co-workers in-
vestigated the extraction of Cu(u), Zn(u), Co(u), Ni(u) and Pb(u) using
PILs.””” Remarkably, the hydrophobic trioctyl(4-vinylbenzyl) phospho-
nium chloride, [Pggg(svs)]Cl, proved highly selective for the removal of
Pb(u), Cu(u), Zn(u). Castillo et al. reported a study of the extraction of
Cu(n) by PILs from simulated liquid mining waste.>'° Hg(u) removal from
HCI solutions was investigated by Navarro and co-workers using of
[Ps6s14]Cl impregnated onto Amberlite XAD-7"" and Bi(m).>'* The same
IL impregnated on silica was evaluated for Cs* adsorption by Negrea
et al.*™® [Pege14]Cl, along with imidazolium ILs, was also impregnated
onto styrenedivinylbenzene grafted with aminoethylaminomethyl groups
for the adsorption of thallium and strontium from aqueous solutions.”"*
IL-based microextraction techniques were also studied for analytical ap-
plications, including trace-element analysis. The subject was reviewed by
Martinis, Berton and Wuilloud.*"> Gao and co-workers also developed an
IL-assisted liquid-liquid microextraction process in which the solidifi-
cation of floating organic droplets allowed the preconcentration and
analysis of seven benzoylurea insecticides in fruit juices.”'® In this
method, 1-dodecanol and [Pgg614][PFs] were used as extractants.

3.4 Electrochemical applications

The high conductivity, thermal stability and wide electrochemical win-
dow of PILs and ILs allow remarkable applications of such compounds
in the electrochemistry field. Tsunashima et al. prepared and charac-
terised PILs derived from trimethylphosphine with [NTf,]” and
bis(fluorosulfonyl)amide ([FSA]") anions.”’” Such anions, particularly
FSA, imparted relatively low melting point, high conductivity and showed
a larger redox response of lithium. The use of dimethylacetamide and
triethyl(2-methoxyethyl)phosphonium bis(trifluoromethylsulfonyl) imide
was investigated by Kim and co-workers as protective additives for high
voltage LiNiysMn, ;0, cathode materials.”'® In a study by Baldo et al.,
[Pesss14][NTf,] was used to increase the conductivity of olive oil in order to
run cyclic voltammetry in the vegetable oil using ferrocene as probe
molecule.”*® The same PIL was used as medium for the passivation of
AA5083 aluminium alloy by Huang and co-workers.”*’ PILs are also
useful for the electrochemical reduction of oxygen. In a paper by Gonzalo
et al., [Pess14][Cl])/ethylene glycol mixtures demonstrated better oxygen
reduction performance than mixtures containing water or methanol in
terms of onset potential and current density.**' The same research group
performed electrochemical investigations on oxygen reduction in the
presence of bis(trifluoromethylsulfonyl)imide and dicyanamide [Pggg14]
ILs.>** The stability of the cation in the presence of superoxide and
peroxide species was demonstrated by NMR. Compton and co-workers
were able to “trap” superoxide ions by using [Peee14][NTf,].>** Acidic
protons of alkylphosphonium groups were rapidly abstracted by super-
oxide ions, simplifying the amperometric detection of oxygen under humid
conditions. Terasawa and Asaka evaluated ILs as components of gel elec-
trodes and electrolytes for poly(vinylidene fluoride-co-hexafluoropropylene)

Organophosphorus Chem., 2016, 45, 132-169 | 149



(PVAF-HFP)-based actuators containing single-walled carbon nano-
tubes.”** Ton size, self-diffusion coefficient and ion transport in the
electrodes and electrolyte were critical aspects to achieve low-voltage
electroactive polymer actuators. Silica particles prepared by a sol-gel
process in the presence of different PILs were prepared and characterized
by Marins et al.?** It was demonstrated that the confinement of [Py ;(444)]
tosylate, [Pssq14] dodecylbenzene-sulfonate and [Pegei4] bis-2,4,4-(tri-
methylpentyl)-phosphinate inside the silica particles had a strong influ-
ence on the performance of such materials in electrorheological fluids.
Tonkin et al. investigated several novel cationic phosphonium dispersants
in the preparation of conductive silver pastes for photovoltaic appli-
cations.*®® Tetralkyl phosphonium additives incrementally improved
electrical parameters and led to less emitter damage and increased effi-
ciency. Use of ionic liquids for battery technologies is fully established,
particularly water saturated [Pggs14]Cl is a promising electrolyte for
magnesium-air batteries. The role of water was investigated by Yan
et al.”*’ The presence of active protons and/or oxygen-donor groups were
key features for the development of IL-based electrolytes for magnesium-
air cells. In the field of lithium batteries, Howlett and co-workers ana-
lysed the use of an organic ionic plastic crystal electrolyte based on trii-
sobutyl(methyl)phosphonium bis(fluorosulfonyl)imide ([P1;(444)][FSI]).***
Tafur and Romero reported on the electrical and spectroscopic charac-
terization of PVAF-HFP and NTf, ILs-based gel polymer electrolyte
membranes.**® Several ILs, particularly [Peee14][NTf,], were tested to ex-
plore their influence of zinc salts.

3.5 Miscellaneous applications

Phosphonium ionic liquids (PILs) were investigated as lubricants or lu-
bricant additives. In a paper by the Qu group, [P4444]- and [Peee14]-based
ionic liquids were evaluated as lubricant antiwear additives. In the
presence of different anions, the ranking of effectiveness in wear pro-
tection was organophosphate > carboxylate > sulfonate.>*° The same re-
search group also reported a comparison of the tribological behavior
of steel-steel and Si;N,-steel contacts in lubricants with zinc dia-
lkyldithiophosphate or [Pgee14] [bis(2-ethylhexyl) phosphate] as
additives.”®"

Biodegradable  tributyl(methyl)phosphonium  diphenylphosphate
([P1444][DPP]) was tested as an antiwear additive by Forsyth and co-
workers.*** It was observed that such an IL had a better film-forming
ability than the commonly used amine-phosphate. Fernandez and co-
workers described the use of [Py444][(CH3;CH,0),PO,] (A) and
[Peso14][(C2F5)3PF3] (B) as lubricant additives and/or neat lubricants.”*
PIL A showed the best antifriction ability, whereas PIL B showed better
wear results. Overall, both friction and wear were improved with the use
of blends containing PIL A. The same research group evaluated the tri-
bological behaviour for two ILs based on the [(C,Fs);PF;] anion and
[C,dmim] or [Peee14] cations as neat lubricants.>** These PILs always
showed better lubricating properties than imidazolium-based IL in terms
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of both friction coefficient and wear volume. Gabler and co-workers in-
vestigated the lubrication mechanism of tributylmethylphosphonium
dimethylphosphate as an additive in alkylborane-imidazole com-
plexes.”*® The same authors also reported X-ray photoelectron spectro-
scopic studies to examine the influence of cationic moieties on the
tribolayer constitution of [NTf,]-based PILs.**®

ILs are known to stabilise metal nanoparticles (NPs) by electrostatic
interaction combined with steric protection. Zvereva and co-workers re-
ported a study based on infrared spectroscopy and density functional
theory to investigate the solvation and stabilization of palladium NPs in
phosphonium-based ionic liquids.**” Stucky and co-workers described a
general approach for the synthesis of micro-/nano-structured metal
chalcogenide semiconductors from elemental precursors.”*® The excel-
lent solubility of sulfur, selenium, and tellurium in [P4444]Cl promoted
fast reactions between chalcogens and various metal powders upon
microwave heating, giving crystalline products.

A significant application was reported by Tan et al.**’ They prepared
modified gold nanoparticles decorated with [Pggs14]Cl on their surface. In
the presence of As(ui), the nanoparticle solution turned from red to blue.
This was due to the selective interaction of the ionic liquid with As(m).
With the colorimetric probe, authors developed a protocol for naked eye
speciation test of As(m) and As(v) at levels below the World Health Or-
ganization (WHO) guideline of 10 ug L.

High viscosity, thermal stability, and negligible vapor pressure of ILs are
promising properties for the preparation of stationary phases for gas
chromatography. Gonzalez-Alvarez et al. used a chemometric approach to
characterise three IL types with hexacationic imidazolium, polymeric imi-
dazolium, and phosphonium cationic cores, using a range of anions.>*’ In
a study by Anderson and co-workers, imidazolium based ILs as well as
([Pess14][FeCly]) and [Pggs14][NTE,] PILs, were evaluated as stationary phases
in comprehensive two-dimensional gas chromatography for the separation
of aliphatic hydrocarbons from kerosene.”*' Burns et al. reported a new
method for dissolving cellulose based on the use of mixtures of dimethyl-
formamide with several PILs, including [Psse14]Cl, [Pses14]|CoH10COO],
[Ps6614][C(CN);,], [Pi(4,4,4),1][OTS], [P4444]Cl and |:P44414:|C1-242

PILs were also investigated as modifiers for clays and polymers.
McNally and co-workers prepared 1-ethylpyridinium and tri-n-butyl(2-
hydroxyethyl)phosphonium docusate**® and investigated the use of such
compounds to improve the plasticization and antimicrobial efficacy of
medical grade poly(vinylchloride)s (PVCs). New materials — obtained by
impregnation of PVC with the two ILs - were characterised in terms of
antimicrobial activity and glass transition temperature. Livi et al. studied
the factors affecting the structure and properties of PILs based on [Peee14]
and several anions including chloride, dialkylphosphate and NTf,, in a
poly(butylene-adipate-co-terephthalate) matrix. The influence on the
water vapour permeability and mechanical properties of the polymer
were rationalised.>** The same research group also investigated the
use of tetraalkylphosphonium and dialkyl imidazolium cations as
new surfactant agents for cationic exchange of lamellar silicates.”*
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They proposed [Pees14][C(CN),] as a functional additive to afford epoxy-
networked polymeric materials with improved mechanical properties and
a higher thermal stability (>400°C).>*® Finally, they described epoxy-
networked polymeric materials containing [Pgee14][(C2H50),PO,] (diethyl
phosphate anion) and [Peee14] bis-2,4,4-(trimethyl pentyl)-phosphinate.**’
PILs were also reported as additives for other epoxy resins,*****° pvc,**°
and polycarbonates.>*»**> Glas et al. described a process for the end-of-
life treatment of PVC that demonstrated how the use of [P4444]Cl allowed
the dehydrochlorination and/or dissolution of the chlorinated polymers
poly(vinylchloride) (PVC) and chlorinated polyethylene (CPE).>** Swelling
and shrinking photoresponsive phosphonium-based ionogel micro-
structures were investigated by Lopez and co-workers. It was found that
the [Pege14][NTf,] ionogel allowed the highest degree of swelling.?>*>
Deguchi, Kohno and Ohno designed polyelectrolytes derived from tri-
butyl-n-alkylphosphonium 3-sulfopropylmethacrylate-type IL monomers.
Based on these compounds, chemically cross-linked polyelectrolyte gels
were prepared, showing LCST-type phase changes.>*® Fortuny et al. re-
ported an investigation on supported liquid membranes with Aliquat
336, [Pges14]Cl and [P44414]Cl as carriers to exchange ClI™ for HCO; ™ in
water purification.>®” Warner and co-workers designed disposable pho-
tonic sensor arrays based on a series of twelve [Pggs14] ILS, bearing an-
ionic dyes as counter ion. The arrays were sensitive to pH values, as well
as acidic and basic vapours.>*® Nine PILs and one imidazolium-based IL
were examined as additives and coal oxidation inhibitors by Zhang,
Jiang and Hardacre. Tributylethylphosphonium diethylphosphate
([P2444][DEP]) was found to be the most effective.”®® Mg alloys are at-
tractive candidate materials for biodegradable stents, although Mg alloys
generally undergo rapid localized corrosion in the body. Forsyth and
co-workers investigated a new surface coating for Mg alloy AZ31, based
on biocompatible [Py44,] diphenyl phosphate.”*® Photopolymerization
coupled with mask projection micro-stereolithography was used by Long
and co-workers to generate various 3D printed polymerized PILs with low
UV light intensity and high digital resolution.***

4 P-ylides (phosphoranes)

Phosphoranes or phosphorus ylides are an extremely useful class of
compounds in synthetic chemistry. Several recent studies have been
published on the preparation, properties, and applications of ylides as
reactants or ligands. Also, mechanistic investigations on the reactivity as
well as on the antibacterial, antifungal and/or antitumoral activity of
such compounds have been detailed.

4.1 Preparation, structural properties and mechanistic investigations

The preparation and characterization of stable ylides have been
recently described in various examples. Two remarkable syntheses
of phosphorus ylides were reported by the condensation of
electron-poor acetylenes including dimethylacetylene dicarboxylate with
triphenylphosphine (Fig. 7).°***® The reactions of nucleophilic active
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phosphacumulene, phosphaallene, and stable phosphonium ylides
with different substrates were investigated by Said, Zeid and co-workers
(Fig. 7).>°* This approach allowed the preparation of phosphanylidene
cyclobutanones, oxaphosphetanes, oxaphosphinines, azaphosphetidenes,
and pyridazines. The cytotoxic activity of all these compounds was
evaluated against human cervical and breast carcinoma cell lines.
Soliman et al. reported the reaction of 4-azido-2-oxo-2H-chromene-3-
carbaldehyde with phosphacumulenes, yielding the corresponding
phosphanylidene-aziridines and chromeno-pyrolo-triazoles. Also, the re-
action with hexaphenylcarbodiphosphorane afforded a phosphanylidene-
chromeno-triazinone (Fig. 7).”*

Han, Sheng and Yan described the synthesis of triphenylphos-
phanylidene spiro[cyclopentane-1,3’-indolines] and spiro[cyclopent[2]ene-
1,3’-indolines] via three-component reactions of triphenylphosphine,
isatylidene malononitrile(ethyl cyanoacetate) and but-2-ynedioate or hex-2-
en-4-ynedioate, respectively (Fig. 7).

Chuang and co-workers reported the synthesis of fluorescent y-lactams
possessing an o-phosphorus ylide moiety. The investigated multi-
component reaction gave y-lactams in one pot, using different phos-
phines (Fig. 7).>°” A very interesting study by Petz and Neumiiller was
focused on the alkylation of Ph;PCHP(O)Ph,.>*® The reaction proceeded
exclusively at the carbon atom, but uptake of a proton from various
solvents was also observed in the presence of a Lewis acid. Solomon,
Wright and co-workers attempted the synthesis of the ylide dianion
[2,4,6-Me;CqH,P-(CHR);]>~ (where R=H or Me). The desired compound
was not formed, since a quantitative 1,3-sigmatropic rearrangement took
place, leading to new benzylic phosphonium salts (Fig. 7).>*°

Detailed characterisation and quantum-mechanical calculations were
also reported for new ylides. Habibi-Khorassani et al. described a 'H
NMR spectroscopic investigation of the kinetics of formation of the Z and
E isomer equilibrium mixture for a stable phosphorus ylide containing a
2-benzoxazolinone group.”’® A computational study of Yu and co-workers
offered a detailed analysis of Lewis base-catalyzed reactions of allenoates
as well as of the chemical properties of their adducts with different Lewis-
bases, including PBu,;, PPh;, and P(NMe,);.>”" Ji et al. investigated the
cooperativity between the hydrogen/halogen bonds and NH; with
PPh;=CH, by performing quantum-mechanical (MP2 and QTAIM) com-
putational studies on the adducts of the type XH/XCI---CH,PHj;- - -NH;
(X =F, N3, CN, CCCN, CCF).>”* The reaction of perfluoroalkyl thioamides
with trimethyl phosphine, trimethyl phosphite, and tris(dimethylamino)-
phosphine was analysed by quantum-chemical (DFT and MP2) calcula-
tions by Rozhenko and co-workers.>”> The suggested mechanism
involved the formation of a phosphorus ylide, which in turn underwent a
migration of fluorine from carbon to phosphorus.

4.2 Applications in synthesis
Wittig and Horner-Wadsworth-Emmons olefinations are among the
most common and widely used applications of phosphorus ylides in
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synthesis. A review by Jasem, El-Esawi and Thiemann focused on the use
of stabilised and semi-stabilised phosphoranes and phosphonates under
non-classical conditions.”’”* The mechanism of the Wittig reaction of
anisaldehyde with a stabilized ylide was studied by Singleton and co-
workers.>”> A combination of '*C kinetic isotope effects, conventional
calculations, and molecular dynamics calculations in a cluster of 53 THF
molecules was considered, in order to establish if the reaction proceeds
through a concerted or a two-step processes. The authors concluded that
even if the isotope effects supported the formation of a betaine inter-
mediate, nonetheless energetically perfect calculations employing any of
the standard equilibrium methods cannot unambiguously assign
mechanisms.

The O’Brien group has described a catalytic Wittig reaction and ex-
tended the applicability of the procedure to semistabilized and non-
stabilized ylides, involving the use of a masked base, sodium tert-butyl
carbonate.>”® Huang et al. reported a procedure for the Wittig olefination
in the absence of additional base. The reaction occurred in the presence
of phosphonium salts of the type [Ph;PCH,R]|[BPh,] where R is an elec-
tron withdrawing group such as -CN, ~-COOEt, or -C(O)Ph.>”” Tang and
co-workers investigated an ylide-initiated tandem cyclization based on
v-dialkylation of allylic ylides. The reaction yielded a series of [3.3.0] oxa-
bicyclic dienes in high yields and excellent diastereoselectivity
(Scheme 12).>”®

A BuzP-mediated efficient synthesis of multi-functional alkenes was
described by Lin and co-workers.””® In situ-generated zwitterionic inter-
mediates underwent proton-exchange affording ylide intermediates
which were trapped with aldehydes. The overall reaction provided target
olefins with complete E-stereoselectivity. Werner et al.*®® reported the
first microwave-assisted catalytic Wittig reaction. Tsuji and co-workers
detailed the synthesis of a chiral phosphonium salt which provided a new
Wittig reagent to prepare a-substituted alaninol derivatives.”®" The result
offered a new approach to the synthesis of chiral S1P1 agonists. Many
other applications of the Wittig reaction were reported in the literature;
they include for example, the synthesis of eushearilide,>®* (+)-chlor-
iolide,”® 1,3-di-O-cinnamoyl-glycerol,>®** locked retinals,”® and (+)-
monanchorin.?®® The Wittig protocol was used also for the preparation of
polymers®®” and donor-acceptor 1,4-fluorenylene chromophores.”*®
The combination of (chlorodifluoromethyl)trimethylsilane and PPh;
for the synthesis of gem-difluoroolefins from carbonyl compounds
was reported by Hu and co-workers.”®® The procedure proved more

285

® Os_Ph
Ppn, PNCOCHBr | @

O
Base PhsP _~
—Ph Ph
/J Br Br CO,CHj <:I://\

0
CO,Me

o CO,CHj
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Scheme 12 Double y-dialkylation to oxa-bicyclic[3.3.0] dienes.
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Scheme 14 Pyrolysis of phthalimido thioxo-stabilised ylides.

efficient than the use of (bromodifluoromethyl)trimethylsilane and
(trifluoromethyl)trimethylsilane. Li et al. demonstrated that the same goal
was also achieved with difluoromethyltriphenylphosphonium bromide.>
Dilan and co-workers described the use of the air-stable reagent difluoro-
methylene phosphabetaine for the nucleophilic difluoromethylation of
reactive Michael acceptors, aldehydes, and azomethines.”"

An unprecedented alkyl transfer from phosphonium ylides to poly-
fluoroarenes was reported by Yang, Wu and co-workers.>**> The reaction
proceeded with a high regioselectivity under very mild conditions;
moreover, it allowed the introduction of a variety of alkyl groups to the
para position of functionalized polyfluoroarenes (Scheme 13).

Aikten et al. described the pyrolysis of chiral phthalimido thioxo-
stabilised phosphonium ylides.*** Such compounds were prepared from
(S)-alanine and (S)-phenylalanine, and underwent an intramolecular
Wittig reaction leading to pyrrolo[2,1-a]isoindol-5-one-2-thiones, rather
than the expected P to S migration of a phenyl group (Scheme 14).

A phosphane-catalyzed [4-+1] annulation between nitroalkenes
and Morita-Baylis-Hillman carbonates was performed by He and co-
workers.”** The authors claimed the in situ formation of an allylic
phosphorus ylide as an active intermediate. Allenoates and enones were
able to form cyclopentenes via two cycloaddition reactions: they under-
went a [3+ 2] or a [2 + 4] process in the presence of catalytic phosphines
or amines, respectively (Scheme 15). To explain such a different reactivity,
Huang, Lankau and Yu, carried out M06-2X/6-31 + G* calculations to
study the role of ylide intermediates.>’

4.3 Coordination chemistry

The use of ylides as ligands in organometallic chemistry is well estab-
lished and is extremely useful in the preparation of catalysts and catalytic
precursors. Prof. Sabounchei’s group reported several studies on the
synthesis of complexes from a-keto-stabilised phosphorus ylides as mono
and bidentate ligands. In particular, they focused on palladacycle
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complexes as catalysts for Mizoroki-Heck reactions®*® and Suzuki/Heck
couplings.”®” The preparation of seven-membered Pd(n) complexes
bearing symmetric bidentate phosphorus ylides was also remarkable.>*®
Other metals such as mercury(n)****°° and copper(i) were investigated for
the synthesis of similar complexes.*' The antimicrobial activity of these
compounds was also evaluated.

Ning and co-workers described substitution reactions using preformed
ylides for the preparation of molybdenum complexes bearing triphe-
nylcyclopentadienylide ligands.?*> Analogous compounds were obtained
by Sundermeyer and co-workers using ruthenium as the metal center.**?
Martschitsch and Schubert reported NMR studies on the reaction of [(x*-
P,N)-Ph,PCH,CH,NMe,|PtMe, with either ethyl chloroacetate or benzyl
chloride. After a complex series of experiments, the formation of ylide
complexes Pt[CH,=PPh,(vinyl)](NMe,R)Me, (R=COOEt or Ph) was
proved.*** Mindiola and co-workers observed that the addition of excess
ylide, H,CPPh;, to bis-aryloxide methyl tantalum complexes of the
type [(Ar'O),Ta(CH;)Cl,] resulted in the formation of the terminal tan-
talum methylidene chloride complex [(Ar'O),Ta=CH,(Cl)(H,CPPh;)].**
Swarnakar et al. investigated the stabilisation of Group 14 element
dihydrides, (GeH, and SnH,).*°® They noticed that only the ylide
Ph;P=CMe, afforded stable inorganic methylene complexes, demon-
strating the utility of this under-explored ligand class. DFT calculations
on ylide complexes were also reported. Samiee and Mahdavifar examined
the structural and electronic properties of a series of transition metal
complexes of bidentate phosphorus ylides of the following general
formula [(R,P(CH,),PR,C(H)C(O)R)MX,].>*” A computational study by
Xie and co-workers investigated the reactivity of a cationic methylene
complex [(2,6-bis(di-tert-butylphosphinito)pyridine)ir(CH,)] " with PMe;.*®
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