Russian Chemical Reviews 83 (6) 555—574 (2014)

© 2014 Russian Academy of Sciences and Turpion Ltd

DOI 10.1070/RC2014v083n06 ABEH 004442

Alkali and transition metal phospholides
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Major tendencies in modern chemistry of alkali and transition metal phospholides (phosphacyclopentadienides) are
systematized, analyzed and generalized. Basic methods of synthesis of these compounds are presented. Their chemical
properties are considered with a special focus on their complexing ability. Potential applications of phospholides and their

derivatives are discussed.
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I. Introduction

The concept of isolobal analogy proposed by R Hoffmann !
is one of the most popular theories in various fields of
chemistry — inorganic, organometallic, coordination and
cluster chemistry. Application of this concept to trivalent
phosphorus compounds gave a kind of impetus to the
synthesis of numerous novel and extraordinary phosphorus
compounds, in particular, phosphacyclopentadienide
anions (phospholide-anions) A—G (Scheme 1).

Being isolobal analogues of cyclopentadienide anions,
phospholide anions also form mainly sandwich and half-
sandwich complexes with transition metals. However, the
presence of the lone pair of electrons (LPE) on the phos-
phorus atom is responsible for the possibility of realization
of different coordination motifs, which enables the design of
complex supramolecular assemblies that can be treated as
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inorganic fullerene analogues.?? Moreover, catalytic sys-
tems based on phospholide anion derivatives show high
activity in the Suzuki reaction,* the Miyaura reaction,’
alkene polymerization reaction,® etc. Over the last 10—15
years, there has been a qualitative leap in this field of
chemistry, so that phospholide anions and their organic
derivatives — phospholes — transformed from exotic
chemicals to new promising compounds.

Although reactions of phospholide anions have been
covered in numerous reviews and monographs published in
the last decades,”’ 16 they have focused only on separate,
specific issues and have not given a complete picture of the
current trends in this field. Abundant new data have
remained out of sight of their authors and, as a result,
have not been scrutinized and summarized.

In the present review, we consider new trends in the
chemistry of phospholide anions, in particular, the develop-

T Dedicated to Academician B A Trofimov on the occasion of his 75th
birthday.
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ment of novel convenient methods of their synthesis and
study of their structure and reactivity. Special attention is
paid to the complexing properties of transition metal
phospholides as ‘building blocks’ (tectons) for designing
complex supramolecular systems.

I1. Synthesis of metal phospholides

Although the first publication dedicated to the synthesis of
monophospholide anion dated back to 1971,!7 simple and
convenient methods of synthesis of phospholide anions
A—G (see Scheme 1) characterized by high selectivity and
yields of target products have been developed relatively
recently, which has provided the impetus to the rapid
development of this field of chemistry.

Current approaches to the synthesis of phospholide
anions can be divided into two large groups. The first
group comprises methods based on modification of cyclic
phosphorus compounds — P—C or P—P bond cleavage in
phospholes, biphospholes or 1,2-diphosphetes under the
action of alkali metals. The second group comprises meth-
ods of covalent self-assembly of small synthons (elemental
phosphorus, alkali metal polyphosphides, fert-butylphos-
phaalkyne or its trimerization product — 1,3,5-triphospha-
benzene) under the action of alkali or transition metals.

1. Methods based on phosphorus — carbon bond cleavage in
phospholes and phosphetes

Monophospholide anion (1)* was identified for the first
time in the reaction of phenylphosphole (2) with lithium
(Scheme 2).'7 However, the presence of phenyllithium in the
system prevented the detailed study of chemical properties
of anion 1. To synthesize pure compound 1, it was sug-
gested to use the reduction of 1-halogen-substituted mono-
phospholes or biphospholes (3) by alkali metals (see
Scheme 2).'% Later, this method has been successfully used
for synthesizing new functionalized monophospholides 1
containing halide (1¢),'® trimethylsilyl (1d),?° thienyl (Th,
1e),2! menthyl (Ment, 1f) 22 and binaphthyl (Binaph, 1g)??
substituents in the 2- and 5-positions of the phospholide
ring. It is worth noting that Rb and Cs are also capable of
breaking the P—C bond to form corresponding metal
monophospholides.?*
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R! = Ar (a), Alk (b), Br (c), SiMes (d), Th (e), Ment (f), Binaph (g);
R2 = H, Ph; M = Li, Na, K, Rb, Cs

i For simplicity, we assign the same number to the phospholide anion and
to its salts with different cations.

Phosphorus—carbon bond cleavage occurs much
smoother in phospholes containing an electron-withdrawing
substituent at the phosphorus atom. In this case, potassium
tert-butoxide or lithium diisopropylamide can be used as
reducing agents rather than alkali metals. This method has
afforded, for the first time, 2-menthyloxycarbonyl- (1h)
(Scheme 3)25:26 and 2-(2'methoxynaphthyl)phospholide

anions.?’
Scheme 3
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The above approach is basic for synthesis of mono-
phosphacyclopentadienide anions in quantitative yield;
however, it cannot be applied to the synthesis of polyphos-
phacyclopentadienide anions containing more than one
phosphorus atom. To synthesize the latter, special methods
based on phosphorus—carbon bond cleavage in phosphetes
under the action of alkali metals were developed in the
1990s. In particular, phosphorus—carbon bond cleavage in
1,2-dihydrophosphete 4 under the action of lithium metal,
then the reaction with PCl; and further reduction of
chlorodihydro-1,2-diphosphole 5 with lithium metal
yielded, for the first time, lithium 1,2-diphosphacyclopenta-
dienide 6 (Scheme 4).28 Compound 6 was not isolated from
the reaction mixture and was characterized only by
3P NMR and mass spectrometry.

Scheme 4
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In addition, the method has been successfully applied to
the synthesis of pure potassium 4,5-diphenyl-1,2,3-triphos-
phacyclopentadienide (7a) from 1,2-dihydro-1,2-diphos-
phete.?® Nowadays, these methods are more of historical
rather than of practical significance.

Thus, the above method based on phosphorus—carbon
bond cleavage in phospholes and phosphetes under the
action of alkali metals is a convenient and universal techni-
que for producing metal monophosphacyclopentadienides.
However, for synthesis of 1,2-diphosphacyclopentadienide
anion (6) and 1,2,4- (8) and 1,2,3-triphosphacyclopentadie-
nide anions (7), corresponding phosphetes are required, and
their synthesis is a challenging experimental task and is
characterized by low yields. Therefore, another method has
been proposed for synthesis of alkali metal triphosphacy-
clopentadienides. This method is based on the reaction of
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tert-butylphosphaalkyne (Bu!C=P) and its derivatives with
alkali metals.

2. Covalent self-assembly of phospholide anions from small
synthons
Alkali metal polyphospholides were obtained for the first
time by the reaction of LiP(SiMes3), or sodium amalgam 3°
with tert-butylphosphaalkyne and later by the reaction of
alkali metal alkoxides with trimethylsilylphosphaalkyne
(Me3SiC=P) (Scheme 5).3! In both cases, mixtures of alkali
metal 1,3-di- (9) and 1,2,4-triphospholides (8) are formed.
The products are difficult to separate, which significantly
decreases the yield of target compounds and is the major
disadvantage of this method.

Scheme 5
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For targeted synthesis of potassium 1,3-diphospholides
9, it has been suggested to use the reaction of 1,3,5-triphos-
phabenzene 10a with potassium mirror (Scheme 6).3% The
yield of compound 9a in this reaction is as high as 40%.

Scheme 6
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The formation of compounds 9 from 1,3,5-triphospha-
benzenes 10 occurs under the action of lithium alkyls or
amides. In this reaction, lithium 1,3,5-triphosphacyclohexa-
dienides 11 are isolated as intermediates; when heated, the

latter release phosphinidene species to give lithium
1,3-diphospholides 9a,¢ (Scheme 7).33
Scheme 7
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This process is driven by the formation of aromatic
anion 9, which is supported by quantum chemical calcula-
tions.3*

A method of selective synthesis of 1,2,4-triphospholide
anion 8 has been developed rather recently. In particular, it
has been shown that triphosphatricyclopentane 12, which
readily forms upon dimerization of fert-butylphosphaal-
kyne in the zirconium coordination sphere and subsequent
treatment with PCl3,3 reacts with alkali metals to give salt
8a in nearly quantitative yield (Scheme 8).3¢ The reduction

of compound 12 under the action of magnesium, europium
or samarium metal occurs by the same scheme.3”

Scheme 8
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(Trimethylsilyl)phosphine has also been successfully
used as a substrate for synthesis of phospholide anions. In
particular, prolonged heating of the three-component sys-
tem P(SiMes); — CsF —RC(O)CI leads to tetraphosphacy-
clopentadienide anions 13a,b (Scheme 9). The reaction
mixture also contains alkali metal phosphides, phosphaal-
kenes and phosphaalkynes, 1,3,5-triphosphabenzenes and
1,2,4-triphosphacyclopentadienide anion 8; however, pro-
longed heating (for ~ 10 days) shifts the equilibrium toward
thermodynamically more stable products 13 in a yield of
44% —48%.38-39

Scheme 9
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Fused 1,2,3-triphospholide anion derivative 7b is syn-
thesized by the reaction of the lithium derivative of
1,2-diphosphinobenzene (14) and phosphorus(Ill) chloride
(Scheme 10).4° The reaction occurs under mild conditions
and leads to 1,2,3-triphosphaindenyl anion (7b) in 49%
yield.

Scheme 10
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Elemental (white) phosphorus and alkali metal poly-
phosphides are widely used as reagents for synthesis of
phospholide anions. In particular, formation of sodium
pentaphosphacyclopentadienide (15) was detected for the
first time in the reactions of white phosphorus with sodium
metal (Scheme 11).4! According to 3'P NMR, the reaction
mixture contained also other phosphacyclopentadienides,
such as 1,2,3,4-tetraphospholide (13c) and 1,2,3-triphospholide
(7¢) anions.

Scheme 11
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Later, variation of the Na: P4 ratio, the use of dibenzo-
18-crown-6 (DBC-6) as a phase-transfer catalyst, as well as
the use of sodium dihydrophosphide in THF, have made it
possible to obtain a solution containing only sodium penta-
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phosphacyclopentadienide (15).4> The major products of
this reaction are highest polyphosphides, which are precipi-
tated and are not dissolved anymore, and the yield of
compound 15 can be as large as 10%. A significant increase
in the yield of sodium pentaphosphacyclopentadienide (15)
has been achieved through careful selection of reaction
conditions, in particular, the solvent and phase-transfer
catalyst. Heating sodium and white phosphorus in dieth-
ylene glycol dimethyl ether in the presence of catalytic
amounts of DBC-6 affords 15 in a yield of up to 22%.43

Using the products of the reaction of white phosphorus
with sodium, alkali metal polyphosphides, has enabled the
development of a radically new approach to the synthesis of
phospholide anions. In particular, it has been shown that
sodium polyphosphides react with 1,2,3-triphenylcyclopro-
penyl nickel complex to give exclusively sodium 3,4,5-tri-
phenyl-1,2-diphosphacyclopentadienide (6a) in high yield
(Scheme 12).44:43

Scheme 12
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The reaction of sodium polyphosphides with cyclopro-
penylphosphonium salts represents a more convenient
method of synthesis of 1,2-diphospholide anions 6
(Scheme 13).%¢ This method has made it possible to synthe-
size new sodium 3,4,5-trisubstituted 1,2-diphosphacyclo-
pentadienides 6 containing various aryl*’ or dialkylamine
moieties.*®

Scheme 13
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Alkali metal polyphosphides are also convenient for
synthesis of 1,2,3-triphospholide anions. In particular, it
has been demonstrated that tripotassium heptaphosphide
reacts with alkynes to form potassium 1,2,3-triphosphacy-
clopentadienides 7 (Scheme 14).4%30 The reaction occurs at
room temperature and affords compounds 7 in 20% to 70%
yield depending on the alkyne nature.’!

Scheme 14
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II1. Chemical properties of phospholide anions

The stability and reactivity of phospholide anions are
determined first of all by the aromaticity of the phospholide
system. In all phospholide anions characterized by X-ray

crystallography, the phosphorus—phosphorus or phos-
phorus —carbon bonds are equalized, which is evidence of
considerable electron density delocalization inside the ring
and of the aromatic character of phospholide anions.>?
According to quantum chemical calculations, the NICS
criterion (nucleus independent chemical shift) of phospho-
lide anions [NICS(0) = —13.2 to —15.9] is comparable with
or larger than the analogous parameter of the cyclopenta-
dienide anion [NICS(0) = —13.9; NICS(0) is the value of
the criterion at the centre of the ring].>3 Theoretical analysis
of aromaticity of these systems enabled the conclusion that
successive substitution of a phosphorus atom for a CH
moiety in the cyclopentadienide anion leads to an increase
in aromaticity is the series of polyphosphacyclopentadie-
nide anions A -G (see Scheme 1).54

Com-
pound
NICS(0) —13.9 —13.2 —13.9 —12.3 —142 —13.0 —14.5 —159

CsHs A B C D E F G

The aromaticity of phospholides, on the one hand, and
the presence of a negative charge, on the other hand,
predetermine their high reactivity toward organic and
organometallic electrophiles.

1. Interaction of phospholide anions with electrophiles
Phospholide anions readily react with organic and organo-
metallic electrophiles. The reaction always involves the
phosphorus atom. Concurrently, a 4n-electron diene system
is formed, which determines the stability and reactivity of
phospholes. In particular, protonation of sodium mono-,
di- and triphosphacyclopentadienides (for example, of com-
pound 9a) occurs through the formation of PH-phospholes
at the first stage; even at room temperature, the latter
undergo rearrangement via [1,5]-sigmatropic shift to give
CH-phospholes, which undergo a [4 + 2]-cycloaddition reac-
tion to form cage phosphines 16 (Scheme 15).3°
Bu! Bu!

11‘><—><Bul N >:<

PYP - PYP\H
+

But But!
9a

But But But
Bu!
s ;/ \( /
S
But H

Scheme 15

[1,5]-H shift H
—_— >

e

%

Noteworthy is the anomalous protonation of sodium
1,2-diphospholide 6a: the presence of the highly reactive
P=P bond in CH-phosphole 17 is responsible for the
formation of exclusively phosphine 18 as the [2 + 2]-cyclo-
addition product (Scheme 16).¢
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Scheme16 P—P, P—As, P—Sb%-%7 and P—B bonds.®® In diphos-
Ph Ph Ph Ph phines (E = P), the P—P bond is strongly polarized so that
b H* — H[1.5] phosphenium —phospholide contact ion pair 21 is formed
P — - 69
Ph 7 P P (Scheme 18).. '
6a Na* P The reaction of corresponding polyphosphacyclopenta-
Ph Ph dienide anions 6, 9 and 8 with electrophilic reagents (alkyl,
_ silyl, stannyl halides) is the only method of synthesis of
Ph Ph Ph>F<P 1,2-diphospholes 22,79-72 1 3-diphospholes 2333-73.74 and
. H P+ g P 1,2,4-triphospholes 24 (Scheme 19).7>~77 In each case, the
/ _P | P Ph electrophilic species attacks the less sterically hindered
Ph P~ L / phosphorus atom. The presence of bulky substituents (But,
17 H Mes*, SiMes) (Mes* = 2,4,6-BujCeH,) favours the kinetic
Ph Ph stabilization of the P=—=C bond, while electron density
18 delocalization inside the ring leads to the thermodynamic

At the same time, alkylation of phospholide anions, as a
rule, leads to the formation of stable phospholes — phos-
phorus analogues of cyclopentadiene, which attract the
interest of researchers as starting compounds for synthesis
of polycyclic phosphorus-containing compounds and metal
complexes, as well as building blocks for design of efficient
homogeneous catalysts, phosphorus-containing electro-
optical materials and drugs.>7-58

In particular, the alkylation of monophosphacyclopen-
tadienide anion 1 leads to stable 1H-phospholes 2 with an
aryl, alkyl, pyridyl,>® pyrrolidine,®® alkenyl,®! alkynyl,6?
ester,% phosphine,®* chiral neomenthyl and oxazoline ¢ or
another substituent with functional groups at the phospho-
rus atom (Scheme 17).%8

g = o

P R2
2

Scheme 17

X = CI, Br; R! = Me, Bn, Ph; R2 = CN, CH,Py, SiR}, SnR3,
CH>CH>CH=CH,, CH,C=CPh, CH,CO,Et, CH;CH,CN, CH»Ar,

CH,PR} (R3 = Alk, Ar),
R ; ; ‘J

The reaction of monophospholide anions (for example,
1i) with different organometallic electrophiles (for example,
with compounds 19) leads to new monophospholes 20 with

\\\\
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E =P, As, Sb; Mes = 2,4,6-Me;CgHa

stabilization of this bond. In the case of tin-containing
derivatives 22 and 24, the fluctuating behaviour of the
MesSn group is observed due to its shift between the
phosphorus atoms of the P—P moiety.”% 77

Scheme 19
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(R3 = Alk, Ar)

Reactions of polyphospholide anions with inorganic
halides lead to more complicated products. In particular,
the reaction of El4 (E = Si, Ge) with 1,2,4-triphosphacyclo-
pentadienide anion 8a (2 equiv.) yields derivatives of hexa-
phosphapentaprismane 25 and cage phosphine 26,
respectively (Scheme 20).78

The mechanism of these reactions remains unclear. It is
presumed that first triphospholes with a P—Ge or P—Si
bond are formed, which then undergo intramolecular cyclo-
addition reactions. Similar triphosphole 27 with a P—Hg
bond and hexaphosphapentaprismane 28 were detected in
the reaction of 1,2,4-triphosphacyclopentadienide anion 8a
with HgCl, (see Scheme 20). Elimination of mercury is
observed in the course of this reaction, which is evidence
of the occurrence of oxidative coupling.”®

Currently, no data are available on the reactions of
1,2,3-triphospha- (7), 1,2,3,4-tetraphospha- (13) and penta-
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Scheme 20
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phosphacyclopentadienide anions (15) with electrophilic
agents, which is likely due to the high reactivity and
instability of the resulting polyphospholes. For example,
an attempt of preparing pentaphosphole 29 by alkylation of
sodium pentaphospholide (15) leads to a mixture of differ-
ent polyphosphines, which can be explained by the high
reactivity of the P—=P bonds in molecule 29 (Scheme 21).42

Scheme 21
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2. Complexing properties of phospholide anions
Phospholide anions are isolobal analogues of the cyclo-
pentadienide anion — one of the most popular ligands in
organometallic chemistry — and can act as 6m-electron
donors to result in 1’ coordination to transition metal
atoms. At the same time, the exchange of one or several
carbon atoms in the five-membered ring for phosphorus
atoms, which have LPE and are capable of additional
coordination to a metal atom, considerably extends the
potential of such ligands for design of novel polymetallic
complexes and clusters.

a. Phospholide complexes of copper subgroup metals

A characteristic feature of Group I transition metal com-
plexes is their propensity to form clusters with a metal—
metal bond, as well as the occurrence of dynamic processes
in solution accompanied by a change in the coordination

mode of the ligand to the metal centre. In this context, the
structure of the complex forming in the reaction of phos-
phacyclopentadienide anions with the metals of this group
is difficult to predict. This fact has been demonstrated by
the reaction of 1,2,4-triphospholes with gold(I) chloride. In
particular, 3,5-di(tert-butyl)-1-trimethylstannyl-1,2,4-triphos-
phacyclopenta-2,4-diene (24a) reacts with AuCI(PPhs) to
give binuclear complex 30 (Scheme 22).

Scheme 22
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nMes But /P AU\P/\<
AuCI(PPhy) \r T N
4 % P N P(
But AU
i t
Bu PPh; Bul
30

In the solution of this compound, several complex
species with different coordination modes of the 1,2,4-tri-
phosphole ligand to the gold atom are at dynamic equili-
brium. The low activation energy of mutual transforma-
tions prevented the identification of limiting structures of
complex 30 in solution.8° A striking feature of compound 30
is the short Au---Au distance (3.14 A), which is shorter than
the sum of the van der Waals radii (3.4 A); this distance
indicates a weak gold — gold interaction.

At the same time, varying the reaction conditions has led
to another result. The reaction of potassium 1,2,4-triphos-
phacyclopentadienide 8a with AuCI(PEt3) [rather than with
AuCl(PPhs)] also gives binuclear complex 31. However,
both phospholyl moieties in this compound are coordinated
only to one gold atom, while the phosphine ligand migrates
to the neighbouring gold atom (the Au— Au distance is
3.04 A) (Scheme 23).81

Scheme 23
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P—P
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P
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It should be noted that in solutions of complex 31, there
is a dynamic equilibrium between different species due to
easy migration of the gold atom between two neighbouring
phosphorus atoms.

The existence of dynamic equilibria has also been shown
for solutions of copper complexes with 2,3-di(zerz-butyl)-
1,2,4-triphospholide 32, which forms in the reaction of
compound 24a with triphenylphosphine adduct of copper(I)
chloride (Scheme 24).82 For compound 32, the structures of
isomers at equilibrium have been determined by means of
variable-temperature NMR experiments. In particular, it
has been demonstrated that compound 32 is a half-sand-
wich complex with n°-coordination of the 1,2,4-triphospha-
cyclopentadienyl ligand to the metal atom as in the case of
the Cp anion (see Scheme 24).83

However, the presence of phosphorus atoms with LPEs
in the phosphole ligand promotes the change in the coordi-
nation mode of the phospholyl ligand to copper leading to
the formation of the m!-32 isomer with n'-coordination,
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Scheme 24
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which isomerizes with 1,2-sigmatropic shift into struc-
ture 1!-32". In complexes n'-32 and n'-32’, the phosphorus
atom bonded to the Cu atom is sp3-hybridized, and the
n-system of the ring is localized. These species are at
equilibrium with complexes n!-32” and m'-32"”, in which
the corresponding phosphorus atom is sp2-hybridized, and
its LPE is involved in the 6m-electron system of the ring.

The occurrence of this isomerization of complex 32 in
solution has been indirectly confirmed by its reaction with
tungsten carbonyl. The reaction yields two heterometallic
complexes 33 and 34 with different coordination modes of
the phospholyl ligand to the metal atom (Scheme 25).

Scheme 25
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In particular, the n’-coordination of the triphospholyl
ligand to the copper atoms persists in major product 33 in
which W(CO)s is coordinated through the LPE on one of
the phosphorus atoms. At the same time, in second complex
34, the W(CO)3; moiety is involved in coordination with the
n-system of the triphosphacyclopentadienyl ligand and is
additionally bound to one phosphorus atom through the
CuPPhs moiety.

It should be noted that in solutions, complexes 33 and 34
are also at dynamic equilibrium caused by migration of
metal atoms between the phosphorus atoms.%2

At the same time, the reaction of potassium salt 8a
(rather than corresponding tin derivative 24a) with cop-
per(1) iodide in the presence of PMes takenina 1:1:1 ratio
yields complex 35 in which two copper atoms are linked

through the C,P; ligand and the iodine atom. When another
equivalent of salt 8a is added, complex 35 is converted into
symmetric complex 36 with two bridging triphospholide
moieties.! Complexes 35 and 36, as distinct from corre-
sponding gold derivatives 30 and 31, are stable in solution
(Scheme 26).
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Analogous binuclear copper complexes with 1,2-diphos-
pholide ligands have also been synthesized.®*

Complexation with chelating monophospholide forming
from phosphole 37 and containing two different donor
sites — the phosphorus atom and the nitrogen atom of the
imino group — is more complicated (Scheme 27).85 The
major reaction product is the tetranuclear cluster (CuL)s
(38), in which each ligand is coordinated to three copper
atoms (Scheme 27 shows one of the four ligands).

Scheme 27
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b. Phospholide complexes of boron group metals
The complexation of boron group metals by phospholide
anions is markedly different from that of copper and gold.

Scheme 1
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In particular, 1,3-di- (9) and 1,2,4-triphospholides (8) react
with gallium(1),%¢ indium(1) 37 and thallium(1) #® halides to
form stable complexes 39 and 40, in which the phospholyl
ligand acts as a 6m-electron donor (Scheme 28).

It should be noted that these compounds are salts and
dissociate in solution so that the metal —ligand interactions
occur only in the crystal.8?-%0

c. Phospholide complexes of titanium subgroup metals

Studying the complexing properties of phospholide anion
derivatives in reactions with titanium and zirconium com-
pounds has led to interesting results. In particular, with the
pentaphospholide anion, the only representative of inor-
ganic carbon-free phosphametallocenes 41 has been synthe-
sized. For synthesis of this compound, an extraordinary
method has been suggested consisting in in situ generation
of the highly reactive complex bis(naphthalene)titanate(2 —)
and its introduction into further reaction with white phos-
phorus (Scheme 29).°!

.
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Scheme 29
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Decaphosphatitanocene 41 is a 16-electron dianionic
complex in which titanium has a zero charge, and two
potassium atoms linked to the crown act as counterions.
Despite the presence of a large number of reactive sites,

compound 41 is resistant to the action of 2,6-dimethyl-
phenyl isocyanide, carbon monoxide, and oxygen for weeks
and starts decomposing only in the presence of moisture.
A decrease in the number of phosphorus atoms in the
phospholyl ligand reduces its aromaticity, which leads to
the increase in the reactivity of titanocene. The introduction
of potassium 1,2,4-triphosphacyclopentadienide 8a into the
reaction with titanium(II) chloride affords hexaphosphati-
tanocene 42 in a yield of up to 30% (Scheme 30).2 The
distance between the phospholyl ligands in molecule 42 is
larger than in complex 41, which essentially influences the
reactivity of the former.
Scheme 30
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In particular, hexaphosphatitanocene 42 is sensitive to
air oxygen and moisture and easily undergoes an unusual
[2+ 2] cycloaddition reaction with terz-butylphosphaalkyne
to form 43 (see Scheme 30).92

Reduction of 1,1’-diphosphazirconocene dichloride 44
by magnesium leads to highly reactive 1,1’-diphosphazirco-
nocene 45, which has been characterized as adducts with

- - Scheme 31
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carbon monoxide (46a), bis(trimethylsilyl)acetylene (46b)
and but-2-yne (46¢) (Scheme 31).93
The high reactivity of titanium and zirconium phospho-
lides toward different substrates, as well as the existence of
the lone pair of electrons on the phosphorus atom, makes
these compounds promising candidates for designing novel
catalysts of various processes, including asymmetric catal-
ysis.?* At the same time, the use of these compounds in
asymmetric catalysis has been doubted since they readily
undergo isomerization accompanied by inversion of config-
uration (Scheme 32). Isomerization can result not only from
rotation around the metal—ring bond but also can be
accompanied by a change in the metal —phospholyl ligand
coordination mode involving the LPE on the phosphorus
atom. Similar isomerization has been studied for titani-
um(1v) 252 and zirconium(1v)°7 complexes with mono-
phospholyl ligands.
Scheme 32

Ph

d. Phospholide complexes of manganese subgroup metals

A classical example of synthesis of organometallic com-
pounds is the reaction of the cyclopentadienide anion with
manganese(IT) halides and manganese(I) carbonyls yielding,
respectively, sandwich and half-sandwich complexes with
n>-coordination of the Cp ligand. A similar behaviour is
exhibited by 3,5-di(zert-butyl)-1-trimethylstannyl-1,2,4-tri-
phosphole (24a), which reacts with M(CO)sBr (M = Mn,

Scheme 33
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Re) and Mn[N(SiMes)»]» to form half-sandwich (47) and
sandwich (48) complexes, respectively (Scheme 33).98-100

As distinct from high-spin manganocene Cp>Mn, hex-
aphosphamanganocene 48 is a low-spin complex due to the
presence of phosphorus atoms in the ring which directly
affect the energy of frontier orbitals. In triphosphacyman-
trene 47, the major contribution to the formation of the
metal —phospholide bond is made by ligand-to-metal n-don-
ation, whereas metal-to-ligand back m-donation occurs in
hexaphosphamanganocene 48.

An unusual result has been obtained when studying the
complexing properties of 1,2-diphosphole 22a toward man-
ganese carbonyl complexes under similar conditions: the
reaction yields binuclear complexes 49 with bridging
pw,n':n'-coordination metal —diphospholyl ligand
(Scheme 34).101

Scheme 34
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EPR spectroscopy and static magnetic susceptibility
measurements have demonstrated that binuclear complexes
49 show magnetic properties characteristic of Mn'! in the
low-spin state, which is caused by considerable electron
density redistribution in the molecule. Moreover, magnetic
properties can be efficiently controlled by varying ligands L
at the manganese atoms.!02.103

e. Phospholide complexes of iron group metals
Phosphaferrocenes are convenient models for studying
electron density distribution in phospholide complexes by
quantum chemical methods to evaluate the effect of phos-
phorus atoms in the cyclopentadienyl ligand on the met-
al—ligand bond character and the properties of resulting
complexes. In particular, quantum chemical calculations
have shown that substitution of phosphorus atoms for the
carbon atoms of the cyclopentadienyl ring !4 strengthens
the m-bonding of the ligand to the metal proportionally to
the number of introduced heteroatoms.!95-197 In addition,
it has been calculated for pentaphosphaferrocene deriva-
tives as an example that the introduction of methyl sub-
stituents into the cyclopentadienyl ligand also leads to the
strengthening of the Fe— (Ps-cyclo) bond.!°® Indeed, pen-
tamethylpentaphosphaferrocene (50a) is highly stable, and
the distance from the Fe atom to the centroid of the Ps ring
is rather short (1.52 A) as compared with other phospha-
ferrocenes.10%- 110

The more so, it has been experimentally shown that the
stability of pentaphosphaferrocenes depends on the nature
of substituents in the ring. In particular, pentaphosphafer-
rocene 50a was obtained in 70% yield by heating to 110 °C
a mixture of a solution of NaPs (15) in diglyme with
Cp*Fe(CO),Br (Cp* = n3-CsMes) (Scheme 35).!'"! The
yield of 1,3-di(zert-butyl)pentaphosphaferrocene (50b)
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under the same conditions was only 2% because of the
occurrence of the side reaction of formation of homoleptic
1,1,3,3'-tetra(tert-butyl)ferrocene. The decrease in reaction
temperature by using an iron complex containing two
molecules of a tertiary phosphine instead of CO groups
made it possible to increase the yield of product 50b to

80%.111
\
Rl/@\l{l

50a,b

Scheme 35
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The effect of substituents in the CP ring on the occur-
rence of this reaction has been additionally studied for
trimethylsilyl derivatives of cyclopentadienyl iron complex
51. In particular, the reaction of an excess of complex 51
with NaPs (15) under mild conditions yields, in addition to
expected pentaphosphaferrocene 52, triple-decker complex
53, in which tetraphosphabutadiene molecule is coordinated
between two iron atoms (Scheme 36).'12
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Scheme 36
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An original method of synthesis of phosphaferrocenes
has been developed on the basis of binuclear iron carbonyl
complex 54, containing the bridging P7~ ligand. In partic-
ular, compound 54 readily reacts with tert-butylphosphaal-
kyne to form 1,2,3,4-tetraphosphaferrocene 55 in 11% yield
in mixture with other products (Scheme 37).'13

The use of diphenylacetylene rather than terz-butylphos-
phaalkyne has made it possible to synthesize, for the first
time, 1,2,3-triphosphaferrocene 56 isolated by column chro-
matography in 40% yield (see Scheme 37).!14

The development of a convenient and efficient method
of synthesis of 1,2,3-triphospholide anion (7¢) has made it
possible to preliminarily study its complexing properties on
the basis of the reaction with [Ru(cod){n3-MeC(CH>)2},]
(cod is cycloocta-1,5-diene).*® The reaction affords anionic
ruthenium complex 57 with n’-coordination of the triphos-
pholyl ligand to the metal. The reaction is accompanied by
the change in the coordination mode of one of the 2-meth-
ylallyl ligands (from 13 to n') and formation of the stable
18-electron complex (Scheme 38).
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Stable 18-electron phosphaferrocenes and phospharu-
thenocenes are the most abundant products of reactions of
different derivatives of monophospholide anion 1 with
iron(1n) 13- 118 and ruthenium(Ir) 26-11%-120 halides. At the
same time, for ruthenium complexes with monophospholide
anion 1, the effect of substituents in the phospholide ring on
the metal — phospholyl ligand coordination mode has been
revealed. In particular, the introduction of potassium
3,4-dimethyl-2-phenylmonophospholide (1k) into the reac-
tion with [Cp*RuCl]4 leads only to trace amounts (< 5%) of
desired phospharuthenocene 58, and the major product
(>80%) is binuclear complex 59, in which the metal sites
are linked by bridging phosphorus atoms of the phospholyl
ligands (Scheme 39).'2! Long-term heat treatment of com-
plex 59 does not afford phospharuthenocene 58, and only
leads to the decomposition of complex 59.

At the same time, modification of the initial potassium
3,4-dimethyl-2-phenylmonophospholide (1k) by introduc-
ing the sterically crowded triisopropylsilyl substituent into
the 5-position (anion 1l) enables the synthesis of rutheno-
cene 60 in high yield under mild conditions in a similar
reaction (Scheme 39).
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Scheme 39
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f. Phospholide complexes of cobalt subgroup metals

The substitution of phosphorus atoms for the carbon atoms
in the cyclopentadienyl ligand markedly influences the
properties of the forming complexes, which has been
shown by the example of 1,2,4-triphospholylcarbonylcobalt
61 (Scheme 40).'9 In particular, it has been demonstrated
that compound 61 is more reactive as compared with its
carbon analogue: in 61, the carbonyl ligands can be sub-
stituted by tertiary phosphines or isonitriles under rather
mild conditions, with retention of the half-sandwich struc-
ture of complexes 62 and 63a,b.100
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At the same time, the reaction of 24a with CpCo(C2H4)2
involves substitution of 1,2,4-triphosphole 24a acting as a
4m-electron donor for the two ethylene molecules to form
18-electron complex 64 (Scheme 41).122 Like the initial
phosphole, compound 64 is subjected to hydrolysis resulting

in phosphorus—tin bond cleavage to form paramagnetic
triphosphacobaltocene 65.122

*»

Scheme 41
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Another method has been suggested for synthesis of
monophosphacobaltocene 66. The method is based on the
reduction of cationic complex 67, obtained by the reaction
of [Cp*Col,], with 2,2',5,5-tetrakis(tert-butyl)-1,1’-bimo-
nophosphole (3a) (Scheme 42).123.124
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The most straightforward and convenient method of
synthesis of cobaltocene complexes is the introduction of
monophospholide anion 1 into the reaction with cobalt(IT)
complexes containing easily leaving groups (acetylacetone,
acetonitrile, ezc.).!?3-126 At the same time, it has been
demonstrated for the reaction of derivatives of monophos-
pholide anion 1 with rhodium and iridium compounds that
the presence of sterically crowded substituents at the phos-
phorus atom makes it possible to prevent the metal coordi-
nation to the phosphorus LPE so that the phospholyl ligand
is n>-coordinated to the metal atom.!?”

g. Phospholide complexes of nickel group metals

Reactions of phospholide anion derivatives with nickel
group metals clearly demonstrates the effect of the nature
of a phospholyl ligand, metal centre and its ligand environ-
ment, as well as synthesis conditions, on the coordination
mode of phospholyl ligand to the metal atom. For example,
the reaction of I-trimethylstannyl-1,2,4-triphosphole (24a)
with a nitrosyl nickel complex yields half-sandwich complex
68 with m>-coordination of the phospholide anion
(Scheme 43). In this case, the coordination mode of the
phospholyl ligand is essentially temperature dependent:
with decreasing temperature, the metal—ligand coordina-
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tion mode changes to give binuclear complex 69
(Scheme 43).128
Scheme 43
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At the same time, the reaction of nickel(Il), palladi-
um(I1) and platinum(11) halides with potassium 1,3-diphos-
pholide 9a, in which the phosphorus atoms are surrounded
by bulky tert-butyl groups preventing the coordination of
metals via the LPEs on the phosphorus atoms, leads to
complexes 70 and 71 with exclusively n-coordination of 1,3-
diphospholide to the metal (Scheme 44).12° In the case of
nickel, 18-electron complex 70 is formed in which one of the
diphospholyl rings is a 6n-electron donor, and the second
ring is a 4n-electron donor. Palladium and platinum deriv-
atives give 16-electron complexes 71 with n3-coordination
of both phospholyl rings.
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To synthesize stable 20-electron phosphanickelocene 72,
monophospholide anion 1m with sterically crowded phos-
phorus atom has been successfully used (Scheme 45). It is
likely that, due to the steric crowdedness of the phosphorus
atom in the phospholyl ligand, the n°-coordination in this
case is more favourable. At the same time, the addition of a
tertiary phosphine to a solution of compound 72 leads to
the change in the coordination mode of the monophos-
pholyl ligand and formation of novel 18-electron complex
73.130

Scheme 45
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h. Phospholide complexes of rare-earth metals

A specific feature of rare-earth metals is the tendency to
form complexes with a coordination number exceeding 6.
Therefore, in the reaction with phospholide anions, rare-
earth metal atoms (Sc,’3! Y,!32 Sm,!33 Tm !34) are often
coordinated to three phospholyl ligands, whatever the
oxidation state of the metal, two ligands being coordinated
through the ring m-system and the third one, through the
LPEs on phosphorus atoms (Scheme 46).
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When treated with strong reducing agents, complex 74
(M = Sc) is converted into dimer 75, in which the phos-
pholyl ligand bridges two metal atoms. Using reactants with
coordinatively unsaturated metal centres makes it possible
to obtain complexes with one (76, 77) 135138 or two (78) 139

Structures 76 —78
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phospholyl ligands and to prevent the association of com-
plexes.

3. Coordination properties of phosphametallocenes
Among the known phosphametallocenes, the complexing
properties of pentamethylpentaphosphaferrocene (50a) are
best understood because of its synthetic availability and
stability. The high aromaticity of the pentaphospholyl
ligand, as well as the lack of substituents, enables the
synthesis of not only stable triple-decker complexes!40—142
but also more complicated polynuclear structures.!43 144 In
particular, unique polynuclear coordination polymers
79-83 and oligomer 84 have been synthesized by the
reaction of pentamethylpentaphosphaferrocene (50a) with
copper(l) 2 and silver(I) salts, respectively
(Scheme 47).145-146 Depending on the ratio of reactants,
the pentaphospholyl ligand in the resulting coordination
polymers is coordinated to two to six metal atoms.!4’
Selection and optimization of synthesis conditions have
made it possible to synthesize, for the first time, an
inorganic fullerene analogue from compound 50a and
copper(I) halides.?-14® Studying these reactions suggests
that formation of this type of nanoballs is driven by
stacking of pentaphospholyl ligands and other aromatic
molecules, such as pentaphosphaferrocene 50a,'4%~ 151
ortho-carborane 132 or fullerene Cgo.'°3 However, this
hypothesis does not account for the formation of polyme-
tallic supramolecular host—guest compounds encapsulating
white phosphorus and yellow arsenic.!>*
Phosphaferrocenes with a smaller number of phospho-
rus atoms in the phospholyl ligand have also been success-

fully used for synthesizing coordination polymers of differ-
ent dimension. In particular, the reaction of 1,2,3-triphos-
phaferrocene 56 with copper(1) halides yields a one-dimen-
sional polymer in which only the phosphorus atoms in the
1- and 3-positions of the triphospholyl ligand are involved
in coordination.!>> At the same time, when compound 56
reacts with a tungsten carbonyl excess, all phosphorus
atoms of the triphospholyl ligand are simultaneously
involved in coordination.!3¢

The structure of the products of the reaction of
1,3-di(zert-butyl)-1,2,4-triphosphaferrocene (85) with cop-
per(1) salts appreciably depends on the reaction conditions.
In particular, varying the reactant ratio, the substituents in
the Cp ligand and the halogen atom in the initial salt makes
it possible to obtain different oligomeric (86)!7 or poly-
meric (87) complexes (Scheme 48).158-160

The high degree of electron density delocalization in the
phospholyl ligand, as well as the more pronounced s-
character of the LPEs on the phosphorus atoms in 1,2,4-tri-
phosphaferrocene 85 as compared with 1,2,3-triphosphafer-
rocene 56, leads to the unusual m2-coordination to the
rhodium(l) complex (Scheme 49).'°! It should be noted
that, in a solution of complex 88, there are no dynamic
processes associated with migration of the rhodium atom
between the neighbouring phosphorus atoms.

The complexing properties of monophosphaferrocenes
and 1,1’-diphosphaferrocenes have been best studied. In
particular, monophosphaferrocenes 89a.b react with ruthe-
nium hydride RuH»(H»)>(PCys)> to give, depending on the
reactant ratio, complexes with the ratio metal:ligand = 1:1
(90) or 1:2 (91) (Scheme 50).162
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Monophosphaferrocenes containing substituents in the
2-position of the phospholide ring have been used for
synthesis of enantiomerically pure complexes. For example,
monophosphaferrocene 89¢, containing the cyclopentadie-
nide anion in the substituent in the 2-position of the

phospholide ring, readily reacts with M(CO)sBr (M = Mn,
Re) to give half-sandwich complexes 92, which lose one
carbonyl ligand when exposed to UV light to form chelates
93 (Scheme 51).163

U

TI*
e
D)3

Scheme 51
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94 CO

\
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The replacement of the second carbonyl ligand at the
manganese atom in complex 93 is stereospecific: the dia-
stereomeric ratio for complex 94 is 11:1 (the prevailing
isomer is shown).!3 High stereoselectivity is also observed
in the reactions of 2-oxophosphaferrocenes and -rutheno-
cenes. 04

It should be noted that palladium(1l) complexes with
enantiomerically pure monophosphaferrocenes 105 166 89d,e
have shown high activity and selectivity in asymmetric
synthesis.!67-168 In particular, the use of a catalyst based
on monophosphaferrocene 89d in allyl alkylation reactions
leads to the formation of the R isomer with an enantiomeric
excess of 99% (Scheme 52).

Scheme 52
CHQ(COQMC)Q,
P h\/YP 0 [paci(n-CiH), 890 Pha o~ _-Ph
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For allyl silylation, a catalyst based on a palladium
complex with monophosphaferrocene 89e containing
binaphthyl substituents in the 2- and 5-positions of the
phospholyl ligand has been suggested (see Scheme 52).23
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Complexation reactions involving 1,1’-diphosphaferro-
cenes 95 are more complicated because of a considerable
increase in the number of possible coordination motifs. In
particular, the reaction of 1,1’-diphosphaferrocene 95a with
the binuclear rhenium derivative Re>(CO)g(MeCN), yields,
along with expected complex 96, unusual complex 97 with
the iron—rhenium bond (Scheme 53).19°

Scheme 53
P
Fe + (MeCN)(OC)sRe—Re(CO)s(MeCN) —>
P
95a
(0C)sRe— (0C)4Re—
+ (OC)4Re—

P@ P@

Weak interactions of the central iron atom with the
other metal centre has been observed also for complexes 98
and 99, synthesized by the reaction of 1,1’-diphosphaferro-
cenes 95 with gallium(1),!7° copper(1), gold(1) !7! and palla-
dium(0) compounds (Scheme 54).# It should be noted that
1,1'-diphosphaferrocene acts as a chelating ligand since
both phospholide rings are involved in coordination with
metals.

At the same time, the reaction of monophosphaferro-
cene 95¢ with Pd(cod)Cl; leads to dimeric complex 100, in
which common n'-coordination of the phospholyl ligand to
palladium is observed.!'’? In the subsequent reaction of
complex 100 with [Pd(dba),], the Pd® atom is inserted
between two diphosphaferrocenes to give pentanuclear
complex 101.'73 It should be noted that palladium com-

plexes 99 and 100 show high activity as catalysts of the
Suzuki# and Miyaura 3 reactions.

In the last years, close attention of researchers has been
paid to the redox properties of phosphaferrocenes. In
particular, the oxidation of 1,1’-diphosphaferrocene 95b by
nitrosonium tetrafluoroborate leads to a dark green precip-
itate poorly soluble in organic solvents. X-Ray crystallog-
raphy has shown that product 102 is a coordination
polymer in which phosphaferrocene 95b molecules are
bound by iron atoms (Scheme 55).174

Scheme 55
Et Et ON\ /NO
Ft P Et Fe—l
Et Et
Et Et 4,
Et Fe Et Et F Et + /U\
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102

(a) NOBF,, CHaCl,, 1t

It is likely that treatment of phosphaferrocene 95b with
nitrosonium tetrafluoroborate destroys the phosphaferro-
cene molecules, and the forming Fe(INO), species are
coordinated to the phosphorus atoms to give polymer 102.
Phosphaferrocene 95 also decomposes upon oxidation with
molecular iodine.

At the same time, the substitution of the pentamethyl-
cyclopentadienyl ligand for one monophospholyl ligand of
phosphaferrocenes considerably increases the stability of
oxidation products. For example, monophosphaferrocene
89f is easily oxidized with iodine to form phosphaferroce-
nium triiodide 103 in 95% yield (Scheme 56).175 It is worth
noting that the distance between the cyclopentadienyl rings
and the iron atom in molecule 103 is elongated as compared
with initial phosphaferrocene 89f.

. pro Scheme 54
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, AuCl(SMe,); dba is dibenzylideneacetone
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Scheme 56
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The stabilizing effect of the pentamethylcyclopenta-
dienyl ligand has been spectacularly demonstrated for
pentaphosphaferrocene 50a as well. Cyclic voltammetry
has shown that one-electron oxidation or reduction of
compound 50a is possible. However, as distinct from
ferrocene, the reduction and oxidation of 50a is irreversible
since the resulting anion or cation of 50a enters into the
chemical reaction involving the pentaphospholyl moieties.
EPR spectroscopy has revealed iron(I) compounds; on this
basis, the authors have assumed the formation of dimeric

compounds with a phosphorus—phosphorus bond.!”® How-
ever, the formation of dimers upon one-electron oxidation
or reduction of pentamethylpentaphosphaferrocene 50a has
been experimentally proven only recently.!””

In particular, the oxidation of compound 50a with
thianthrenium hexafluoroantimonate occurs under mild
conditions to give dication 104, containing decaphosphadi-
fulvalene as a ligand (Scheme 57). According to Mdssbauer
spectroscopy data, the iron atoms in complex 104 are
divalent. The density functional theory method has shown
that each of the Ps moieties donates six electrons, so that the
rule of 18 electrons is valid for each of the iron atoms.

The reduction of phosphaferrocene 50a with potassium
hydride leads to dianionic complex 105, also with a fulva-
lene-like ligand. At the same time, the more profound
reduction of compound 50a or product 105 with potassium
metal yields mononuclear dianion 106, which has not been
detected by cyclic voltammetry.

Pentaphosphaferrocene 50a exhibits similar chemical
properties in the reactions with samarium(II) derivatives
(Scheme 58).178-17° Complexes 107 and 108 are the products
of, respectively, one- and two-electron reduction of penta-

[ 72- r q2+ Scheme 57
Fe 2K @men)_p ™ sorg Fe 2 SbF;
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DIP:pyr is 2,6-bis[N-(2,6-diisopropylphenyl)iminomethyl]pyrrol-1-yl
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phosphaferrocene 50a. The coordination mode of the phos-
pholyl ligand changes from that in pentaphosphaferrocene
to (u:n';n?%n?*) in complex 108.

For the first time, a similar coordination mode has been
observed in binuclear complexes based on phosphacyman-
trene 109 (Scheme 59). The nucleophilic attack of Bu'Li at
the phosphorus atom of the phospholyl moiety leads to
complex 110, containing the m*-coordinated phospholyl
ligand. Treatment of compound 110 with a palladium
complex gives tetranuclear complex 111, in which the
phospholyl ligand has p:n';n*coordination.!8°

Scheme 59
@ u‘Ll ft%/ PdClz(Cod)
THF, —78 C
109 110
oC CO
\ N/ /CO
- / \ /Mn
/Mn

CO

111

The coordination mode of the phospholyl ligand also
changes in the reaction of phosphacymanterene with other
nucleophilic reagents [KOH —crown ether,'8! NR3;—H,0
(R =H, Et, Pr)!82183] as well as in the reaction of
phospharuthenocenes with acyl halides in the presence of
aluminium chloride.!84

The above data on the chemical behaviour of phospholide
anions suggests that this line of research, being at the
intersection of different fields of modern chemistry, contin-
ues to attract attention of researchers, which is reflected in
numerous publications. There are two important aspects
that determine the interest of researchers in this field of
chemistry. First, study of the chemical behaviour of phos-
pholide anions, as well as their organic derivatives (phosp-
holes) and metal complexes, in comparison with their
carbon counterparts makes it possible to better understand
the relationship between organic chemistry and phosphorus
chemistry, draw some analogies and develop a theoretical
basis for the preparation of novel phosphorus compounds.
Second, phospholide anions, especially their organometallic
derivatives, are of considerable interest for the design of
novel supramolecular systems and materials with practically
valuable properties. It is precisely the combination of
fundamental and practical importance that will determine
the development of this field of chemistry in the coming
years.

The review was prepared with financial support of the
Russian Foundation for Basic Research (Project Nos 14-03-
00920 and 13-03-12170).
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