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a b s t r a c t

This review covers the activation, aggregation and degradation of white phosphorus by molecules con-
taining reactive p-block centers. The chemistry has been divided into a number of reaction types and
possible mechanisms are used to aid in the understanding of these reactions.

© 2011 Elsevier B.V. All rights reserved.
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lkyl amino carbene; Ch, chalcogen; cHex, cyclohexyl; Cp*, pentamethylcyclopen-
adienyl; Dipp, 2,6-di-iso-propylphenyl; DMP, 2,6-bis(2,4,6-tri-methylphenyl)-
henyl; Mes, mesityl; Mes*, 2,4,6-tri-tert-butylphenyl; Nacnac, [Dipp]NC-
Me)CHC(Me)N[Dipp]−; NHC, N-heterocyclic carbene; THF, tetrahydrofuran.
� During the preparation of this manuscript, three reviews on the chemistry
f white phosphorus were published. These include P4 activation by early transi-
ion metals by Cummins et al. [148], P4 activation using late transition metals by
eruzzini et al. [149] and main group activation of P4 by Scheer et al. [150]. It is
oped that this review will complement these other works and stimulate continued
esearch in the chemistry of white phosphorus.
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1. Introduction and history

The history of phosphorus originates in the quest for the
Philosopher’s Stone. It is generally agreed that Hennig Brandt
can be credited with the discovery and naming of elemental
phosphorus in 1669 [1]. His fascination with the Philosopher’s

Stone and the mind-set of the time, that the source could
be derived from human body, lead Brandt to follow an elab-
orate recipe [1]. When broken down into a simple chemical
reaction, this process involved the heating of human urine to
ultimately yield an impure mixture of NaPO3 and carbon which

dx.doi.org/10.1016/j.ccr.2010.12.016
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:jason.masuda@smu.ca
dx.doi.org/10.1016/j.ccr.2010.12.016
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hen would react at high temperatures to give 2Na4P2O7 +
0CO + P4.

Most chemists are familiar with the painting by Joseph Wright
f Derby The Alchymist Discovering Phosphorus (1771) [2,3]. It is
elieved to depict Brandt’s discovery of the element as well as its
triking chemiluminescent properties when white phosphorus is
xposed to trace amounts of oxygen. This dramatic (for its time)
ffect is attributed to PO2 which is derived from the following reac-
ion: O + PO → PO2* [4]. Due to its chemiluminescent properties, the
lement was named after the ancient Greek word for the planet
enus, the morning star or bringer of light [5].

Currently, white phosphorus is made by reacting calcium phos-
hate, sand and coke in an electric arc furnace at over 1473 K and

s separated by cooling and collecting gaseous P4.

Ca3(PO4)2 + 6SiO2 + 10C → 6CaSiO3 + P4 + 10CO

Worldwide production of white phosphorus has dropped dra-
atically primarily as a result of more efficient hydrometallurgic

rocesses that have replaced the production of phosphates for use
n agriculture and low-grade phosphoric acid [6]. In contrast, most
(III) and P(V) compounds that contain a phosphorus–carbon bond
re still made through the laborious halogenation of P4 with chlo-
ine to give PCl3, which is then reacted with alkyl or aryl metal
alts (typically group 1 or group 2 metals) to form the new P–C
ond. Although there has been a steady state of synthetic inor-
anic research using white phosphorus, recently there has been
resurgence of interest including investigations towards the cat-

lytic derivatization of P4 to useful molecules. This interest is
artially encompassed in the increasingly stringent environmen-
al and transportation regulations regarding P4 as well as avoiding
hlorine-based syntheses.

There have been a number of reviews discussing the chem-
stry of white phosphorus. The coordination chemistry of P4 and
ts activation products has been reviewed by Scherer [7–9], fol-
owed by two reviews by Peruzzini et al. in 2002[10] and 2005 [11].
he extensive work by Baudler on polyphosphorus and polyphos-
hide compounds, which often involved P4 chemistry, has also
een reviewed [12,13]. A number of reviews focused on the organic
r main group chemistry of elemental phosphorus are available
14–18]. The most recent [18], by Milyukov et al., published in 2005,
utlined the formation of organophosphorus compounds by a num-
er of routes, including electrochemical methods. Furthermore, the
opic of electrochemical/electrocatalytic formation of organophos-
horus compounds has recently been discussed a number of times
y Budnikova et al. [19–21]. The present review will mainly focus
n the p-block chemistry of white phosphorus since 2005, with par-
icular attention on the possible types of reactivity that may occur.
t is the intention of the authors that this focus will assist those new
o the field and aid in the collective understanding of the diverse
eactivity exhibited by white phosphorus.

. Allotropes of phosphorus

White phosphorus is the most notable allotrope of elemental
hosphorus in terms of reactivity as well as application within
unitions and incendiary manufacturing. Occupying a tetrahedral

age geometry in the crystalline state, white phosphorus is the
east stable and most reactive allotrope of elemental phosphorus
hat persists under ambient conditions [1,22]. Thermal, �-ray and
hoto-degradation of P4 to the red or black allotropes is thermody-

amically favored and P4 has been observed to be in an equilibrated
tate with its dissociated P2 fragment when approaching 1070 K.
ree P2 has been defined as 49 kcal/mol higher in energy than neu-
ral P4 and has yet to be observed at room temperature [23–27].
he P–P bond lengths in the P4 tetrahedron have been studied
Fig. 2.1. Solid state structure of black phosphorus [39].

rigorously and have yet to show strong agreement in value [28].
Quantum mechanical calculations show a P–P length of 2.194 Å
[29] however Raman spectroscopy (2.2228(5) Å) [30] and electron
diffraction techniques (2.21 Å at 470 K) [31] have yielded variable
results. At room temperature white phosphorus exists in the �-
form. At 196 K a reversible transition from ˛-P4 to ˇ-P4 occurs,
a structure which has been characterized using single crystal X-
ray diffraction with an observed P–P bond distance of 2.209(5) Å
[32,33]. When ˛-P4 is quenched to 88 K a transition to the �-P4
conformation has been observed and characterized using X-ray
powder diffraction [34]. Interestingly, �-P4 transitions to ˇ-P4 at
153 K however, to this date a ˇ to � transformation has not been
reported [32,33].

The reactivity of white phosphorus can be mediated by the
formation of inclusion or intercalating complexes. Using the sta-
bilizing arene interactions of fullerenes, Green et al. produced a
(P4)2C60 repeating unit, representing the first reported case of
host–guest white phosphorus chemistry [35]. As an extension of
this principal, Nitschke et al. have reported a self-assembly mech-
anism for white phosphorus encapsulation. The iron (II) based
capsule may then be used as a stable source of P4 through the addi-
tion of a competing host to the tetrahedral container [36]. Recently
Cummins et al. have reported on the properties and reactivity of
the P4 analogue As3P, indicating other tetrahedral mixed pnictogen
species may be viable [37].

Following X-ray powder diffraction work by Hultgren et al. in
1935 [38], Brown and Rundqvist isolated crystalline black phos-
phorus using a growth medium of liquid bismuth [39]. Analysis
using single crystal X-ray diffraction indicated a graphite-like layer-
ing of puckered 6-membered rings. This densest and least reactive
allotrope of phosphorus has both pressure induced and temper-
ature dependent phase transitions to rhombohedral semimetallic
as well as cubic metallic phases [40–42], and is a semi-conducting
material [43] (Fig. 2.1).

In comparison to the white and black allotropes, the definition of
red phosphorus is less complete. Obtained through thermal, ultra-
violet or �-ray degradative polymerization of white phosphorus,
the red allotrope has been proposed to exist in five unambigu-
ous forms [28,44,45]. Type I is commercially available amorphous

red phosphorus through which Types II–V may be generated via
high temperature annealing. Calculations by Haser et al. describ-
ing the relative energies of various phosphorus allotropes propose
that Type I is a combination of fibrous red and Hittorf’s phospho-
rus, Types IV/V respectively, along with a P12 helical structure later
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Fig. 2.2. Single crystal structure of fibrous red phosphorus [49].

haracterized by work in CuI matrices [29,46–48]. Structural data
egarding Types II–III has not been obtained and are at present ill-
efined. In 2005, Type IV was structurally identified though single
rystal X-ray crystallography by Ruck et al. [49]. Characterized as
brous red phosphorus, the most recent addition to the phospho-
us family exists as a polymeric structure of linked pentagonal rings
Fig. 2.2).

Type V is the branched violet form known as Hittorf’s phos-
horus, a tribute to Hittorf who first described it in 1865 [50].
lthough definitive structural characterization was not completed
ntil 1969 by Thurn and Krebs using single crystal X-ray crystal-

ography, this branched form of elemental phosphorus has been
ominally attributed to its cardinal observer [51,52] (Fig. 2.3).

The asymmetric unit of both Hittorf’s and fibrous red phospho-
us includes a repeating unit of 21 single phosphorus atoms. From
he X-ray crystallographic data of the fibrous red allotrope it was
roposed that the arrangement of the phosphorus atoms is similar
o that in Hittorf’s phosphorus with the exception of the branches,
hich are instead oriented in a parallel manner [49]. Type IV red
hosphorus was considered to be energetically stable by Ruck et al.
hile Böcker and Haser have since concluded that Hittorf’s and
brous red phosphorus are energetically equivalent and the most
table of all the characterized red phosphorus conformations to
ate [29].

The existence of various polymeric forms of red phosphorus of
imilar stability is proposed by Boecker and Haeser [53]. The the-
retical studies on these energetically analogous polymeric units
ave been supported experimentally by the repeating phospho-
us units found in CuI based matrices. (CuI)3P12 [46], (CuI)8P12
54] and (CuI)2P14 [55] structures have been observed to date,
hrough which nanorod-like materials may be formed through
emoval of CuI by a KCN solution [47]. Described as nanowires and
anorods, silicon wafer supported optical microscopy and scanning
lectron microscopy has elucidated structural details of these red
hosphorus strands, and is supported by energy-dispersive X-ray
pectroscopy. Transmission electron microscopy (TEM) indicates
hat these materials are polycrystalline structures with lattice spac-

ng on the order of 5.7 Å. High resolution TEM relates the structural
roperties of these phosphorus nanorods to those of Type II red
hosphorus with additional distinct characteristics. Nanomaterials
f elemental phosphorus have also been produced via polymer-

Fig. 2.3. Single crystal structure of Hittorf’s (violet) phosphorus [51,52].
Scheme 3.1. Possible multi-step mechanism for the activation and subsequent
degradation of white phosphorus by a nucleophilic species.

ization of P4 with bismuth nanoparticles to give a proposed red
phosphorus structure [56]. In addition, 60Co radiation of P4 in ben-
zene forms a nanocomposite Pn material [57].

Neutral phosphorus clusters of various sizes and connectivity
have been studied theoretically to elucidate potential energetically
viable closed shell clusters. High order computational analysis on
neutral Pn phosphorus clusters where n = 4 [58,59], 6 [60–67], 8
[25,68–71] as well as ionic [Pn]x clusters collectively outline the
energetic relationship among the proposed structures [66,72–80].
Both the aromatic P6 cyclohexaphospha-benzene and anionic
cyclo-P5 have been studied computationally and have been utilized
as ligands in synthetic chemistry [81–86]. More comprehensive
comparison based reports on structures ranging from P2 to P28 have
been completed [24,29,53,87–91] and extend in the literature to
icosahedral and ring systems in the Pn mold (n = 80, 180, 320, 500,
720) [92].

3. Reactions with p-block nucleophiles

The nucleophilic attack of white phosphorus by p-block ele-
ments has historically been one of the more commonly investigated
methods of white phosphorus derivatization. This is, of course,
due to the extensive usage of organoalkali and organoalkali earth
reagents in synthetic chemistry. The reactivity of nucleophiles
typically follows the steps outlined below (Scheme 3.1): Step 1,

nucleophilic attack at the P4 tetrahedron resulting in the breakage
of one P–P bond to give the monosubstituted anionic tetraphos-
phabicyclo[1.1.0]butane; Step 2, nucleophilic attack at one of the
bridgehead phosphorus atoms, followed by a rearrangement gives
the 1,4-disubstituted tetraphosphenediide. This species can then
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Fig. 3.1.1. Solid state structure of bis(2,4,6-tri-tert-butylphenyl) tetraphosphabicy-
clo[1.1.0]butane [97]. Hydrogen atoms have been removed for clarity.

chain giving a P–P bond order of 1.33 rather than localized with
separate charges on the outer P-atoms and a central P P double
bond as described by ArDipp–P−–P P–P−–ArDipp. The interaction
with the thallium atoms may give rise to this delocalization. Oxi-
cheme 3.1.1. Formation of acetylene substituted tertiary phosphines from white
hosphorus.

o on to Step 3 or dimerize via a [2 + 2] cycloaddition through the
P double bond; Step 3, attack at one of the central phosphorus

toms, followed by rearrangement gives the [(RP)3P]3− ion; Step
, degradation of the original P4 fragment through loss of RP2−

o give the triphosphide [R2P3]−; Step 5, Nucleophilic attack at
he central phosphorus atom followed by loss of RP2− gives the
iphosphene. This species can then go on to Step 6 or oligomer-

ze to form molecules of the form (RP)n; Step 6, attack at one of
he phosphorus atoms gives the diphosphide [R2P–P(R)]−; Step 7,
ucleophilic attack at the neutral phosphorus atoms results in the

ormation of the tertiary phosphine and diphosphide.

.1. Group 14

Classic examples of nucleophilic attack of white phosphorus
ith Group 14 anions include the formation of primary and sec-

ndary phosphines in very low yields from lithium or Grignard
eagents containing phenyl or n-butyl groups [93]. Although the
xact composition of the reaction intermediates are not known,
t was noted that upon quenching reaction mixtures with water,
o PH3 was produced. This indicated that M3P is not present in the
eaction mixtures but rather polyphenylphosphides are most likely
resent. These results are in line with the proposed mechanisms in
cheme 3.1 for the nucleophilic activation and degradation of white
hosphorus. Similar reactions of aryl lithium reagents with white
hosphorus and n-butyl halides gave mixtures of products that pri-
arily consist of diarylbutyl phosphines or aryldibutyl phosphines

94]. In the same study, tetra(n-butyl)cyclotetraphosphine (nBuP)4,
as prepared in 42% yield by the reaction of n-butyl lithium with

-butyl bromide and 0.5 equiv. P4. More recently, it was shown
hat the reaction of lithium butynide with P4 and quenching with
thyl bromide or n-propyl chloride gave mixtures of the tertiary
hosphines in ca. 10% yields (Scheme 3.1.1) [95].

Nucleophilic attack of P4 with CN− results in the formation
f two products, namely [18-crown-6-K][P(CN)2] and [18-crown-
-K][P15]. Similar products are formed when tetraethyl- and
etrabutylammonium cations are used [96]. Although the products
f the reaction do not necessarily fit the mechanisms outlined in
cheme 3.1, they are most likely the result of disproportionation
esulting in the aggregation Pn fragments to form the P15 anion.

Utilizing the sterically demanding Mes* (2,4,6-tri-tert-
utylphenyl) group, Fluck et al. used the combination of addition
f Mes* lithium with white phosphorus and quenching with Mes*

romide to isolate both the diphosphene, Mes*-P = P-Mes* and the
etraphosphabicyclo[1.1.0]butane, Mes*-P4-Mes* (Scheme 3.1.2)
97]. This example was the first reported case where only one
ond of the P4 tetrahedron is broken. The single crystal structure

cheme 3.1.2. Formation of tetraphosphabicyclo[1.1.0]butane and diphosphene
rom a one-pot reaction containing aryl lithium, aryl bromide and white phosphorus.
Scheme 3.1.3. Formation of tetraphosphabutadienediide and iodine oxidation to
the tetraphosphabicyclo[1.1.0]butane.

confirmed the formation of the tetraphosphabicyclo[1.1.0]butane
(Fig. 3.1.1).

Nucleophilic attack by the bulky terphenyl thallium reagent
(TlArDipp)2 (ArDipp = C6H3–2,6-(C6H3–2,6-iPr2)2) with white phos-
phorus gives the tetraphosphabutadienediide capped by two ArDipp

groups with the thallium cations each coordinating above or
below the P–P–P–P chain in an �4-fashion (see Scheme 3.1.3
and Fig. 3.1.2) [98]. The formation of this species follows Steps
1 and 2 in Scheme 3.1. Analysis of the bond lengths from the
solid state structure reveals that the system behaves as if the
2− charge is delocalized through the [ArDipp–P–P–P–P–ArDipp]2−
Fig. 3.1.2. Solid state structure of thallium coordinated tetraphosphabutadienediide
Tl2[P4{C6H3-2,6-(Dipp)2}] [98]. Hydrogen atoms have been removed for clarity.
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Scheme 3.1.4. Formation of [{(Me3Si)3Si}2P8]2− .
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Fig. 3.1.4. Solid state structure of tetraphosphadiide [(tBu SiP) P ]2− [100]. Hydro-

ing preparation of the sodium pentaphosphadiide has also been
reported [104], however this requires a multi-step, multi-solvent
procedure by first reacting four equivalents of tBu3SiNa with P4 in
THF. Initially forming Na2[tBu3Si-P4-SitBu3], removal of THF and
ig. 3.1.3. Solid state structure of the polycyclic octaphosphadiide complex [(18-
rown-6)K][P8(Si{SiMe3}3)] [99]. Hydrogen atoms and one non-coordinated K(18-
rown-6)2 fragment have been omitted for clarity.

ation of the tetraphosphabutadienediide with elemental iodine
ives the tetraphosphabicyclo[1.1.0]butane. It is interesting to
ote that when crystallized from benzene, the tetraphosphabi-
yclo[1.1.0]butane crystallizes in the trans,trans configuration
hereas when crystals are grown from hexane, the cis,trans isomer

s isolated.
Sterically bulky silanides have been used to isolate a num-

er of products that can be considered as intermediates in

he nucleophilic degradation pathway of white phosphorus. For
xample, in the 1:1 reaction of the extremely bulky potassium
ris(trimethylsilyl)silylide with white phosphorus, the formation of
he dianion [{(Me3Si)3Si}2P8]2− occurs (Scheme 3.1.4 and Fig. 3.1.3)
99]. It was proposed that P8 species forms via dimerization of two

Scheme 3.1.5. Proposed mechanism for the formation of P8-dianion.
3 2 2

gen atoms and the non-coordinated 18-Crown-6 and Na(18-Crown-6)(THF)2

fragments have been omitted for clarity.

RP4
− fragments (Scheme 3.1.5) which would be formed via Step 1

in Scheme 3.1.
When the slightly less bulky tri-tert-butylsilyl group is used, a

number of products from Steps 2, 3 and 4 of Scheme 3.1 are iso-
lated (see Scheme 3.1.6). Reaction of tBu3SiM (M = Li, Na, K) in a 2:1
ratio with white phosphorus in THF gives the tetraphosphenediide
salts M2[tBu3Si-P4-SitBu3] (M = Li [100], Na [100,101], K [100,102]).
The solid state structure of the sodium salt is shown in Fig. 3.1.4.
In this case, when the reaction is run in tert-butyl methyl ether the
tetraphosphenediide dimerizes via a [2 + 2] cycloaddition through
the diphosphene fragments to form Na4[(tBu3SiP)4P4] (Fig. 3.1.5).
Addition of THF to this species results in the cycloelimination of
the tetraphosphenediide monomers. For the lithium and sodium
salts, the 3:1 reaction of tBu3SiM with P4 results in the formation
of the tetraphosphatriide M3[(tBu3SiP)3P] (Fig. 3.1.6), the prod-
uct of Step 3 in Scheme 3.1 [103]. Upon storage for one week at
ambient temperature in THF, the tetraphosphatriide splits into the
phosphadiide, tBu3SiPM2 and the triphosphide, M[(tBu3SiP)2P] as
seen in Step 4 of Scheme 3.1. When tBu3SiK is reacted in a simi-
lar manner, the tetraphosphatriide is not observed but rather the
phosphide, [tBu3SiP]K2, the triphosphide, K[(tBu3SiP)2P], and the
pentaphosphadiide, K2[(tBu3SiP)3P2] (Fig. 3.1.7) [102]. A high yield-
Fig. 3.1.5. Solid state structure of tetraphosphadiide [2 + 2] cycloaddition dimer
[(tBu3SiP)4P4]4− [104]. Hydrogen atoms and methyl groups of the tBu substituents
have been omitted for clarity.
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ion of tBu3SiM (M = Li, Na, K) with white phosphorus.
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Scheme 3.1.6. Multiple outcomes for the react

ddition of heptanes yields the [2 + 2] cycloaddition product over
2 h. Finally, upon removal of heptane and stirring in benzene
or 24 h at ambient temperature, formation of the final product,
a2[(tBu3SiP)3P2], is observed (Fig. 3.1.8).

.2. Group 15

The reactivity of white phosphorus with substituted alkali metal
hosphides has been explored by Schmidpeter et al. [105–107].
or example, reaction of MPPh2 (M = Li, Na, K) with P4 gives the
riphosphide, [M][Ph2P–P–PPh2] and Ph2P–PPh2 as the oxidation
roducts and M3P7 as reduction products. It is likely that com-

lete fragmentation of the P4 tetrahedron is the result of repeated
ucleophilic attack by the phosphides. Other alkali metal polyphos-
hides and phosphinites [108] also react to give products as shown

n Scheme 3.2.1.

ig. 3.1.6. Solid state structure of Li3[(tBu3SiP)3P] [103]. Hydrogen atoms and
ethyl groups of the tBu substituents have been omitted for clarity.

Fig. 3.1.7. Solid state structure of the potassium salt of [(tBu3SiP)2P]− [102]. Hydro-
gen atoms and methyl groups of the tBu substituents have been omitted for clarity.

Fig. 3.1.8. Solid state structure of the sodium salt of [(tBu3SiP)3P2]2− [104]. Hydro-
gen atoms and methyl groups of the tBu substituents have been omitted for clarity.
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Scheme 3.2.1. Reaction of phosphorus anions with white phosphorus.
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Scheme 4.1. Reaction of tri-tert-butyl gallium and white phosphorus.

strain and overall low �-character encompassed in the P–P bonds
of the tetrahedron. Conversely, a nucleophilic (Nu) molecule (3)
cheme 3.3.1. Formation of chalcogen-substituted tetraphosphabicy-
lo[1.1.0]butanes.

.3. Group 16

The reactivity of white phosphorus with group 16 containing
pecies has been extensively studied [18]. Two recent studies give
ome insights into the nucleophilic activation and degradation of
4. Reaction of white phosphorus with sodium dichalcogenides
Na2Ch2, Ch = S, Se, Te) in N-methyl imidazole gives the tetraphos-
habicyclo[1.1.0]butane in nearly quantitative yield along with
race amounts of NaP5 (Scheme 3.3.1) [109]. The product is the
esult of the Te2

2− dichalcogenide insertion into a P–P bond.
hosphorus-31 NMR confirmed the structure by comparison with
ther tetraphosphabicyclo[1.1.0]butanes.

The reaction of P4 with thiophenol in the presence of atmo-
pheric oxygen and catalytic amounts of amines gave (PhS)3P O
n reasonable yields (Fig. 3.3.1) [110]. The authors speculate that
he mechanism first proceeds via nucleophilic attack by PhS−

t P4 to give the tetraphosphide (Step 1 in Scheme 3.1). The
re-activated species then reacts with diphenyldisulfide (formed
hrough the oxidation of thiophenol in the presence of base) to
ive the tetraphosphabicyclo[1.1.0]butane, PhS–P4–SPh, with elim-
nation of PhS−. Subsequent multiple attack by thiophenolate or
iphenyldisuflide will then form (PhS)3P. The fact that diphenyld-

sulfide plays a role in the reaction was reinforced by the formation
f (PhS)3P O when the amine base is replaced by catalytic amounts
f diphenyldisulfide.

. Reactions with p-block electrophiles

The reactivity of white phosphorus with Lewis acids of the
-block has been quite limited. This is most likely due to the

ow nucleophilicity of the P4 molecule [22]. The sterically encum-
ered Group 13 molecule, GatBu3, reacts with half an equivalent of
hite phosphorus at room temperature to give a gallium complex

helated by two phosphorus atoms (Scheme 4.1 and Fig. 4.1) [111].

ig. 3.3.1. Oxidative formation of S,S,S-triphenyl phosphorotrithiolate.
Fig. 4.1. Solid state structure of the product from the reaction of tBu3Ga and white
phosphorus [111]. Hydrogen atoms have been omitted for clarity.

It was speculated that the gallium–carbon bond added across the
phosphorus–phosphorus bond of P4. Whether a Lewis acid–base
adduct is initially formed between the gallane and P4 remains
unclear.

5. Reactions with molecules containing ambiphilic centers

5.1. Overview

The activation of elemental phosphorus by main group
molecules with ambiphilic character, or those that have the poten-
tial to act as Lewis acids and Lewis bases, has recently gained
prevalence in the literature. The dual nature of these molecules
suggests differing reaction pathways dependant on the prevailing
electronic properties of the reactant in question. Based on sym-
metry considerations and the overall electronic structure of P4,
initiation of these events depends on the philicity of the molecule
(Scheme 5.1.1). When reacting with an electrophilic molecule: (1)
a P atom may donate a lone pair of electrons to a vacant p-orbital of
an electrophile (E) forming a �-complex; (2) an electrophile may
accept the electrons of a white phosphorus P–P bond, although
this type of reactivity may be unfavorable due to the lack of ring
may attack an empty p-orbital of a phosphorus atom [112].
Generally speaking, ambiphilic activation of P4 can be divided

into two categories: in the first and most experimentally preva-

Scheme 5.1.1. Potential initiation pathways for P4 activation [112].
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the electronic structure of the product indicate significant charge
transfer (−0.22 e−) from the aluminum centers and the presence
of predominantly ionic Al–P bonds [124].
cheme 5.1.2. Proposed mechanism for the activation of P4 by a molecule contain-
ng a predominantly electrophilic, ambiphilic reaction center.

ent case, a predominantly electrophilic molecule forms a �-bound
dduct via Lewis basic lone pair donation by a P4 phosphorus
tom to an empty p-orbital at the reaction center. This zwitte-
ionic adduct can then undergo electronic rearrangement to a
etraphosphabicyclobutane-based structure (Scheme 5.1.2). Exam-
les of ambiphilic systems that are predominantly electrophilic

nclude silylenes and aluminum (I) species. The low valent atoms in
hese heavier element systems typically have a lower energy lone
air (i.e. not the HOMO) and thus tend to initially react via the low-

ying empty orbital. A recent systematic study on the electronic
tructures of main-group carbene analogues clearly outlines this
nergetic trend [113]. Calculations performed on the mechanism
f the nucleophilic stage indicate the inclusion of a second stabi-
izing P4 in the transition state, lowering the activation energy of
he rearrangement process [112,114–117]. To our knowledge, no
xperimental evidence of a bimolecular mechanism involving two
4 molecules has been reported in the literature.

Activation of P4 may also be facilitated by those ambiphilic
olecules dominated by nucleophilic character. This class of
olecules is exemplified by singlet carbenes. These systems are

nown for being strong �-donors through the lone pair of elec-
rons as well as having electrophilic character at the carbene center.
hose reactions initiated by nucleophilic attack of a vacant P4 p-
rbital are followed by an electrophilic stage in which electronic
earrangement of the intermediate yields a cyclotriphosphene unit
Scheme 5.1.3) [112,114]. To date, this type of reactivity has been
imited to singlet carbenes in the literature [118–120].

.2. Electrophile initiated, ambiphilic activation of P4
.2.1. Group 13
The Group 13 molecules that activate P4 through an ambiphilic

echanism are dominated by electrophilic character at the active
ite [113]. As stated in the preceding section, an electrophilic ini-
iated reaction pathway including electron donation from the P4

cheme 5.1.3. Proposed mechanism for the activation of P4 by a predominantly
ucleophilic, ambiphilic molecule.
Scheme 5.2.1.1. Dissociation of the tetrameric (Cp*Al)4 in solution and subsequent
P4 activation.

molecule to an empty p-orbital of the activating species forming
a �-complex should occur. In this section examples of Group 13
reactivity will encompass basic electrophilic dominated ambiphilic
reaction mechanisms by which complex fragmentation and/or
derivatization of P4 may subsequently take place.

Tetrameric pentamethylcyclopentadienyl aluminum(I)
(Cp*Al)4, is in equilibrium with monomeric Cp*Al in toluene
[121,122]. Reaction of (Cp*Al)4 with P4 generates a product of the
formula (Cp*Al)6P4 (Scheme 5.2.1.1). The single crystal structure
revealed the Cp* fragments of the Al6P4 based product are present
in both �5- and �1-binding modes (Fig. 5.2.1.1). As to elucidate
the nature of the unusual bonding arrangement observed in this
molecule, SCF calculations were performed on C2h, C3v, and Td
symmetry based P4(Cp*Al)6 frameworks. The results indicate each
phosphorus atom carries a weakly delocalized 3s lone pair of elec-
trons which contribute to the stabilization of nonbonding Al–Al
interactions, thermodynamically favoring the rearrangement of
other symmetry based cages into the structurally characterized
product [123].

In a second instance of low valent aluminum activation, Roesky
et al. employed a �-diketiminate derivative, the monomeric
NacnacAl(I), to facilitate insertion into the P4 tetrahedron
(Scheme 5.2.1.2). Reactivity at the aluminum(I) center forms a
bridged dimeric species through two cycles of electrophilic inser-
tion. The structure of the product was confirmed through single
crystal X-ray analysis (Fig. 5.2.1.2). DFT calculations performed on
Fig. 5.2.1.1. Solid state structure of P4(Cp*Al)6 [123]. Hydrogen atoms and Cp*
methyl-groups are omitted for clarity.
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Scheme 5.2.1.2. Activation of white phosphorus via NacnacAl(I) forming a bridging
dimeric species.
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Scheme 5.2.1.3. Activation of white phosphorus via NacnacGa(I) and derivatization
using molybdenum hexacarbonyl.

4
vation is achieved via sterically hindered disilenes. Partial
fragmentation of P with silenes results in a 1,3-diphospha-2,4-
ig. 5.2.1.2. Solid state structure of (NacnacAl)2P4 [124]. Hydrogen atoms are omit-
ed for clarity.

In the most recent published work concerning gallium acti-
ation of P4, Prabusankar et al. have utilized NacnacGa(I)
CH(C(Me)(N-iPr2C6H3))2Ga) in a similar fashion to the aluminum
pecies depicted in Scheme 5.2.1.2; isolating the tetraphos-
habicyclobutane intermediate and functionalizing the product
ith molybdenum pentacarbonyl [125]. Interestingly, the bridged
imeric species seen in the case of NacnacAl(I) is not observed, per-
itting the formation of a bis-molybdenum pentacarbonyl adduct.

he authors do not speculate on the inconsistent reactivity among

he NacnacAl(I) and NacnacGa(I) (Fig. 5.2.1.3 and Scheme 5.2.1.3).

Activation of white phosphorus via low valent alkylgallium(I)
pecies is also evident in the literature. As in the case of tetrameric
AlCp*)4 [123], tetrameric (GaC(SiMe3)3)4 can dissociate into

ig. 5.2.1.3. Solid state structure of NacnacGaP4 [125]. Hydrogen atoms are omitted
or clarity.
Scheme 5.2.1.4. Formation the P4Ga3[C(SiMe3)]3 complex through triple insertion
of P4 with monomeric GaC(SiMe3)3.

monomeric GaC(SiMe)3 in solution and undergo a triple insertion
reaction with white phosphorus (Scheme 5.2.1.4) [126,127]. The
solid state structure (Fig. 5.2.1.4) of the product contains a three
phosphorus atom homocycle in which each phosphorus atom is
attached to a single gallium in the second planar region of the struc-
ture. The fourth phosphorus resides above the secondary gallium
layer in a triangular prism-like arrangement. Of note is the api-
cal phosphorus atom, which has a chemical environment rarely
observed in the literature appearing as a quartet with a chemi-
cal shift of −521.9 ppm in the 31P NMR spectrum, a region usually
reserved for white phosphorus itself.

5.2.2. Group 14
In a preliminary case of silicon-based P chemistry, acti-
4
disilabicyclo-[1.1.0]butane core. To this effect, 2,2,4,4-tri-mesityl-
1,3-diphospha-2,4-disilabicyclo-[1.1.0]butane and other fragmen-

Fig. 5.2.1.4. Solid state structure of P4Ga3[C(SiMe3)]3 [127]. Hydrogen atoms are
omitted for clarity.
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Scheme 5.2.2.1. Fragmentation of P4 via sterically bulky tetrasubstituted-disilenes.
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Fig. 5.2.2.1. Solid state structure of L-SiP4 (L = CH[(C = CH2)CMe][N(2,6-iPr2C6H3)]2)
[132]. Hydrogen atoms are omitted for clarity.

be completed using P4 as a reagent, a more efficient secondary route
through a silver aluminate salt to the reported cationic phosphorus
species is also possible [134] (Scheme 5.2.3.2).
Scheme 5.2.2.2. Activation of P4 using bulky phosphasilenes.

ation products are formed by the addition of P4 to tetramesityl-
nd other bulky disilylenes [128,129] (Scheme 5.2.2.1). To respond
o the extent that sterics play a role in the silene mediated
ctivation, an even bulkier organosilene, tetrakis(2,4,6-tri-iso-
ropylphenyl)phosphadisilene, did not successfully functionalize
4 [129].

The increased steric bulk affecting the reactivity of the symmet-
ical disilenes may be mediated by substitution of one organosilene
oiety with an organophosphene. In this case, crowded phos-

hasilenes are successful in fragmenting P4, yielding products
imilar to the less bulky disilenes in the 1,3,4-tri-phospha-2-
ilabicyclo-[1.1.0]butane mold [130] (Scheme 5.2.2.2).

This reactivity pattern can be applied to non-symmetrical dis-
lenes as well with the potential to produce both the exo–endo and
xo–exo conformers. In this case, E-1,2-dimesityl-1,2-di-tert-butyl-
isilene reacts with P4 forming two symmetrically inequivalent
roducts. Interestingly, the type of reactivity displayed between
isilenes and P4 is uncommon in normal disilene chemistry as
oth the silicon–silicon �- and �-bonds are broken and new
ilicon–phosphorus single bonds are formed in the product [129]
Scheme 5.2.2.3).

In reactivity similar to that of the monomeric Nacnac alu-
inum(I) species in Scheme 5.2.1.2, the monomeric silylene, LSi(II)

L = CH[(C = CH2)CMe][N(2,6-iPr2C6H3)]2), reacts with white phos-
horus in a step-wise manner (Scheme 5.2.2.4). Unlike NacnacAl(I),
he 1:1 intermediate can be isolated (Fig. 5.2.2.1). Furthermore,
ddition of a second equivalent of silylene results in the inser-
ion of a second Si center into a P–P bond (Fig. 5.2.2.2) [131,132]
Scheme 5.2.2.4).

.2.3. Group 15
Phosphenium ions are the two coordinate, cationic cousins

f carbenes which display ambiphilic character as they are both
ewis acids and Lewis bases. The stability of these cations
epends on the �-donation by the ligand groups into the
mpty p-orbital of the phosphorus center and the polarization of
he �-bond.

Beginning with Krossing et al. in 2001 the functionalization of P4

as completed using the insertion of an in situ generated predom-

nantly electrophilic [PR2]+ cation (R = Br, I) into the P4 tetrahedron
133,134]. Polyphosphorus cations were isolated and structurally
haracterized with the formation of a binary, cationic phosphorus

cheme 5.2.2.3. Fragmentation of P4 using a non-symmetrical disilene.
Fig. 5.2.2.2. Solid state structure of (L-Si)2P4 (L = CH[(C = CH2)CMe][N(2,6-
iPr2C6H3)]2) [132]. Hydrogen atoms are omitted for clarity.

cage [P5X2]+ along with a weakly coordinating aluminum anion
Al[OC(CF3)3]4

− (Fig. 5.2.3.1 and Scheme 5.2.3.1).
On a similar line of investigation by Krossing et al., the formation

of the P5
+ monocation as an intermediate to the aforementioned

P5I2+ cation as well as the newly proposed P3I6+ cation was estab-
lished. The P5

+ intermediate was characterized through 31P NMR
data as well as ab initio calculations. Although these reactions may
Scheme 5.2.2.4. Activation of P4 by a low valent, monomeric silylene.
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Fig. 5.2.3.1. Solid state structure of [P5Br2]+ cation [133]. The [Al(OC(CF3)3)4]− anion
has been omitted for clarity.
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Fig. 5.2.3.2. Solid state structure of [Ph2P5][GaCl4] [135]. Hydrogen atoms and
weakly coordinating tetrachlorogallate anion are removed for clarity.

Nucleophilic, yet electrophilic carbenes activate the P4 tetra-
hedron through nucleophilic attack of an empty p-orbital of a P4
phosphorus atom, complying with the reactivity pattern outlined
in Scheme 5.1.3. Ring opening nucleophilic attack will then be
cheme 5.2.3.1. Formation of binary cationic phosphorus cages through P4 activa-
ion.

More recently, in work by Weigand et al., phosphenium ions
ere prepared in situ by gallium (III) chloride induced halide

bstraction from chlorodiphenylphosphine, and subsequently used
o activate P4. Under varying reaction conditions, stoichiometric
atios of the starting materials and excess P4, preparation of three
ew cationic phosphorus species was reported [135]. A molten
eaction media with varying proportions of P4:Ph2PCl:GaCl3 were
tilized in a solvent-free method resulting in the isolation of mono-
[Ph2P5]+), di-([Ph4P6]2+) and tri-([Ph6P7]3+) cationic phosphorus
pecies. The solid state structures of [Ph2P5][GaCl4] (Fig. 5.2.3.2)
nd [Ph6P7][GaCl4]3 (Fig. 5.2.3.3) were determined. The solvent-
ree, molten reaction medium was required due to the propensity
f phosphenium ions to interact with solvent molecules as is seen
n the case of CH2Cl2 interfering with reactivity [134]. In the case
f the [P7Ph6]3+ cation, an increased ratio of GaCl3 was required to
roduce an overall acidic media for the reaction to occur without
he presence of potentially detrimental and nucleophilic [Cl]− ions
n the melt (Scheme 5.2.3.3).

Phosphenium ion mediated activation of white phosphorus
s also effective using the cation derived from the cyclo-1,3-
iphospha-2,4-diazane (DippNPCl)2. The resulting intermediate
llowed for the targeted preparation of new mono- and dica-
ionic phosphorus species. In situ preparation of the phosphenium
ons in fluorobenzene utilizing gallium(III) chloride as a halide

bstractor allowed the mono- and dicationic molecules to acti-
ate one or two equivalents of white phosphorus, respectively
Scheme 5.2.3.4) [136]. The crystal structures of both products are
hown in Figs. 5.2.3.4 and 5.2.3.5.

cheme 5.2.3.2. Formation of the P5
+ intermediate in the synthesis of P5I2

+ and
3I6

+ phosphenium ions.
Fig. 5.2.3.3. Solid state structure of [Ph6P7][GaCl4]3 [135]. Hydrogen atoms and
weakly coordinating tetrachlorogallate anions are removed for clarity.

5.3. Nucleophile initiated, ambiphilic activation of P4
Scheme 5.2.3.3. Formation of [P5Ph2][GaCl4], [P6Ph4][GaCl4]2 and [P7Ph6][GaCl4]3

via in situ generated phosphenium ions.
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Scheme 5.2.3.4. Preparation of mono- and dicationic phosphorus cyclo-1,3-
diphospha-2,4-diazane molecules.
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ig. 5.2.3.4. Solid state structure of [P4(DippNP)2Cl][GaCl4] [136]. Hydrogen atoms
nd weakly coordinating tetrachlorogallate anion are removed for clarity.

ollowed by a stabilizing electrophilic rearrangement to a cyclot-
iphosphirene intermediate.

The principal difference between the corresponding silylene and
arbenes is that silicon is a heavier element homologue of carbon in
hich the valence s-orbital is exceedingly contracted and lower in

nergy compared to its valence p-orbital and is therefore reluctant
o hybridize, dictating electrophilic behavior of silylenes compared
o carbenes [112]. Secondly, donation of electrons from the amino
ubstituents to the vacant p-orbital is much more efficient in the
ase of carbenes as the vacant p-orbital on carbon achieves greater

fficiency in orbital overlap with the donating nitrogen lone pairs.
his lack of overall electron density at the silylene center mani-
ests itself as high activation energy barriers and lower efficiency
n nucleophilic insertion reactions [117].

ig. 5.2.3.5. Solid state structure of [P4(DippNP)2P4][GaCl4]2 [136]. Hydrogen atoms
nd weakly coordinating tetrachlorogallate anions are removed for clarity.
Scheme 5.3.1. Profile for the reaction of P4 with methylene. Energies are in kcal/mol.

Calculations at the B3LYP/6-311++G(3df,3p)//B3LYP/6-
311++G(3df,3p) level on the reactivity of singlet and triplet
methylene with P4 do not attribute these small, �-donor free
carbenes as being electrophilic [116]. The reactivity of singlet
methylene is based on the empty p-orbital unlike the case of
common NHCs which are strong �-donors [137]. As a conse-
quence, singlet methylene forms a bicyclic structure with P4 as
is expected with electrophilic molecules with the highest energy
structure being the initial �-complex formed when acting as an
electrophile. The reaction pathway is as follows (Scheme 5.3.1):
1. There is no transition state between CH2 + P4 and the structure
A (�E = −46 kcal/mol); 2. Next the cyclotriphosphirene B forms
(Ea = 9 kcal/mol, �E = −20 kcal/mol); 3. The insertion product C is
formed via a transition state where the H2C P fragment twists
about the P–P bond (Ea = 25 kcal/mol, �E = −24 kcal/mol). At the
same level of calculation, methylene has a low singlet–triplet
gap of −9 kcal/mol, suggesting the triplet state may play an
important role in reactivity. However, careful analysis resulted
in only one stable, high-energy structure D (19 kcal/mol higher
in energy than C). This structure is highly reminiscent of the
expected radical-reactivity with white phosphorus with formation
of a tetraphosphabicyclo[1.1.0]butane. There are two unpaired
electrons in this structure: one located on the carbon atom and
one located on the two-coordinate phosphorus atom [116].

Stable cyclic alkyl-amino carbenes (CAACs) have been shown
in the literature to exhibit behavior similar in reactivity to that
of transition metals [138]. When allowed to react with P4, the
large (menthyl)CAAC produces a P4 core fragment which is essen-
tially planar and is coplanar with the CAAC rings yielding the first
example of a stable 2,3,4,5-tetraphosphatriene (Scheme 5.3.2 and
Fig. 5.3.1) [118].

The diphosphene core of 2,3,4,5-tetraphosphatriene under-
goes a [4 + 2] cycloaddition reaction with 2,3-dimethylbutadiene
(Scheme 5.3.2 and Fig. 5.3.2). The formation of the new P–C
bonds occurs with high diastereoselectivity. Calculations at the
B3LYP/6-311g(d,p) level show that the reaction of CAAC with P4
follows a similar mechanism, as proposed in Scheme 5.3.1. Nucle-

ophilic attack of the parent CAAC molecule with P4 results in
the formation of a triphosphirene intermediate (Ea = 3.6 kcal/mol,
�E = −18.3 kcal mol). A second CAAC molecule attacks one of
the two coordinate triphosphirene molecules with no reac-
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Fig. 5.3.2. Solid state structure of the cycloaddition product of (menthyl)CAAC-
capped 2,3,4,5-tetraphosphatriene and 2,3-dimethylbutadiene [118]. Hydrogen
atoms are omitted for clarity.
cheme 5.3.2. Nucleophilic insertion of a cyclic alkyl-amino carbene into P4 and
ubsequent hetero Diels-Alder [4 + 2] cycloaddition reactions.

ion barrier, forming a zwitterionic intermediate which then
earranges with minimal barrier (Ea = 3.8 kcal/mol) to the 2,3,4,5-
etraphosphatriene (�E = −11 kcal/mol). Attempts to trap the
riphosphirene intermediate were successful. Addition of (men-
hyl)CAAC to a mixture of white phosphorus and a gross excess
f 2,3-dimethylbutadiene resulted in the quantitative formation
f the [4 + 2] cycloaddition product as a single diastereoisomer
Scheme 5.3.2 and Fig. 5.3.3).

In the case of an N-heterocyclic carbene (NHC), reactions with
hite phosphorus initially follow that of the (menthyl)CAAC. Trap-

ing reactions with 2,3-dimethylbutadiene confirmed the presence
f the triphosphirene intermediate as well as the formation of the
,3,4,5-tetraphosphatriene (Scheme 5.3.3). The solid state struc-
ures of these products are shown in Figs. 5.3.4 and 5.3.5. However,

ig. 5.3.1. Solid state structure of the (menthyl)CAAC-capped 2,3,4,5-
etraphosphatriene [118]. Hydrogen atoms are omitted for clarity.

Fig. 5.3.3. Solid state structure of the [4 + 2] cycloadditon product of triphosphirene
and 2,3-dimethylbutadiene [118]. Hydrogen atoms are omitted for clarity.

Scheme 5.3.3. Reactivity of a singlet NHC with P4 and subsequent [4 + 2] cycload-
dition.
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Fig. 5.3.6. Solid state structure of a dodecaphosphine-bridged N-heterocyclic car-
bene and P4 product [119]. Hydrogen atoms are omitted for clarity.
ig. 5.3.4. Solid state structure of the cycloaddition product of NHC-capped 2,3,4,5-

etraphosphatriene and 2,3-dimethylbutadiene [119]. Hydrogen atoms are omitted
or clarity.

ttempts to isolate the 2,3,4,5-tetraphosphatriene were unsuc-
essful due to the slow formation of another product at room
emperature. In this case, extended reaction times or elevated tem-
eratures allow for the aggregation of P4 to form a P12 cluster
apped by two NHC fragments (Scheme 5.3.3). The difference in
eactivity between the NHC and CAACs is attributed to the greater
lectrophilic character of the central carbon atom in the latter, sta-
ilizing the resulting phosphaalkene. N-heterocyclic carbenes are
enerally less Lewis acidic and make better leaving groups, per-
itting aggregation of the P12 core [119]. The polycyclic structure

bserved is similar to those organosubstituted polyphosphines and
olyphosphorus anions described by Baudler and Glinka [13]. The
12 core contains three five-membered rings, two three-membered
ings, one six-membered ring and is unprecedented in the literature
s a dodecaphosphine (Fig. 5.3.6) [119].

The mechanism of the P12 cluster formation was studied
hrough calculations at the B3LYP/6-311G** level (Scheme 5.3.4).
he study indicated that the 2,3,4,5-tetraphosphatriene and
riphosphirene intermediates undergo a formal [3 + 2] cycloaddi-
ion reaction (Ea = 0 kcal/mol, �E = −13.3 kcal/mol). Elimination of
wo NHC fragments and rearrangement to a heptaphosphanor-
ornadiene intermediate provides a pathway through which an
dditional triphosphirene can add without reaction barrier through
[�2 + �2 + �2] reaction, yielding the structurally characterized P
12
ontaining product (�E = −54.9 kcal/mol) [119].

To further study the reactivity of singlet carbenes with P4
eyond activation and aggregation, Betrand et al. proposed the
se of smaller, alkyl amino carbenes to induce further fragmen-

ig. 5.3.5. Solid state structure of the [4 + 2] cycloadditon product of NHC-
riphosphirene and 2,3-dimethylbutadiene [119]. Hydrogen atoms are omitted for
larity.
Scheme 5.3.4. Proposed mechanism for the formation of the P12 core in Bertrand’s
bis-NHC dodecaphosphine.

tation. In this case an acyclic alkyl amino carbene and cyclohexyl
CAAC were chosen [138–140]. The results indicate that the acyclic
alkyl amino carbene is sufficiently nucleophilic to ring open the P4
cage, forming the triphosphirene intermediate. This intermediate
then undergoes insertion of a second carbene into the P P double
bond (Scheme 5.3.5). The connectivity was confirmed by the single
crystal X-ray structure (Fig. 5.3.7) [120].
The (cHex)CAAC was successful in inducing activation and par-
tial fragmentation of P4 yielding P4[(cHex)CAAC]3 (major product)
and P2[(cHex)CAAC]2 (minor product) from the reaction with P4
(Scheme 5.3.6) [120]. The single crystal X-ray structures confirmed
the formation of the proposed products (Figs. 5.3.8 and 5.3.9).

Scheme 5.3.5. Reaction of bis(cyclohexyl)amino-tert-butyl carbene with P4.
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Fig. 5.3.7. Solid state structure of the double insertion product of
bis(cyclohexyl)amino-tert-butyl carbene into P4 [120]. Hydrogen atoms are
omitted for clarity.
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Fig. 5.3.9. Solid state structure of (CAAC)2P2 [120]. Hydrogen atoms are omitted for
clarity.
cheme 5.3.6. Reaction of cyclohexyl CAAC with white phosphorus facilitating par-
ial fragmentation of P4.

he differing reactivity can be rationalized as the (cHex)CAAC is
onsiderably sterically smaller than the (menthyl)CAAC. Although
t is difficult to compare the size of the (cHex)CAAC with
is(cyclohexyl)amino-tert-butyl carbene from the previous exam-
le, the reactivity differences can be accounted for electronically
s the acyclic carbene is one of the most electrophilic isolable car-
enes [120,139]. With this in mind, it is reasonable to conclude

hat after the addition of two acyclic carbenes the reaction stops
ue to the stability of the three membered P–P–C ring. Since the
cHex)CAAC is less electrophilic, additional carbene substitution
nd fragmentation of the P4 core is possible [120].

ig. 5.3.8. Solid state structure of (CAAC)3P4 [120]. Hydrogen atoms are omitted for
larity.
Scheme 5.3.7. Reaction of bis(di-iso-propylamino)cyclopropenylidene with P4

resulting in P4 fragmentation.

Further fragmentation was then achieved by utilizing the
least sterically demanding, nucleophilic carbene in the lit-
erature [141]. Bis(di-iso-propylamino)cyclopropenylidene reacts
with P4 to form a cationic species containing one phospho-
rus atom bound to two cyclopropenylidenes with an ill-defined
[P3(cyclopropenylidene)n]− anion (Scheme 5.3.7) [120]. Although
this species was not structurally characterized by single crystal
X-ray diffraction techniques, in the presence of chloroform a prod-
uct could be isolated that had the same 31P NMR signal as the
[P(cyclopropenylidene)2] cation and a chloride anion. The solid
state structure from this material is shown in Fig. 5.3.10.

6. Reactions with p-block radicals
Investigations into the reactivity of white phosphorus with p-
block radicals appears to be in its infancy and as will be shown
in the following section, there is potential for discoveries in this
area. Reactions of white phosphorus with radicals typically follow

Fig. 5.3.10. Solid state structure of the Bis(di-iso-propylamino)cyclopropenylidene
and P4 product [120]. Hydrogen atoms are omitted for clarity.
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Scheme 6.3. Reaction of a phosphinyl radical with white phosphorus.

MesBr with the titanium reagent results in the formation of (MesP)3
cheme 6.1. Possible reaction mechanisms for reaction of white phosphorus with
adical species.

he following steps (Scheme 6.1): Step 1, radical attack at a phos-
horus atom with concomitant breakage of one P–P bond resulting

n the opening of the white phosphorus tetrahedron and forma-
ion of a phosphorus-based radical; Step 2, a second radical reacts
orming a tetraphosphabicyclo[1.1.0]butane-based species; Step 3,
third radical would then presumably attack one of the bridging
hosphorus atoms in the tetraphosphabicyclo[1.1.0]butane core
ith breakage of the P–P bridge and formation of a four-membered
hosphorus ring. This species can then: (a) react with another radi-
al to form an (RP)4 species or (b) eject a phosphorus atom and ring
lose to form (RP)3 + 1/3 P4; Step 4, Further reaction with radicals
ould result in degradation of the (RP)n rings and form R2P–PR2;

nd Step 5, final reaction of radical species with R2P–PR2 results
n the formation of the tertiary phosphine. Clearly the formation of
hese species will be highly dependent on the electronic, and in par-
icular, the steric requirements of the radical-containing species.
owever, in some cases, a concerted reaction mechanism cannot
e excluded where a P–P bond of white phosphorus adds across an
lement–element bond via a four-centered transition state. As seen
n the following examples the tetraphosphabicyclo[1.1.0]butane-
ased species from Step 2 is often the main isolated product due to
he large substituents on the radical species.

Insights into the oxidation reaction of white phosphorus
ith halogens were determined by 31P NMR spectroscopy

142]. It is interesting to note that the reaction of P4
ith bromine in a 2:1 molar ratio results in the forma-

ion of small amounts of the butterfly-like compounds
xo,exo-dibromotetraphosphabicyclo[1.1.0]butane and exo,endo-
ibromotetraphosphabicyclo[1.1.0]butane. It was speculated that
hese were intermediates in the production of P2Br4 and PBr3.
he formation of these species is likely through a radical-type
f route as outlined in steps 1 and 2 above (Scheme 6.1), where
omolytic cleavage of the Br–Br bond yields two bromine radicals
hich then attack the P4 tetrahedron in a step-wise manner.

hese tetraphosphabicyclo[1.1.0]butanes were not isolated due
o their thermal instability with a half-life of approximately 1 h
Scheme 6.2).
In 2004, Lappert et al. reported that upon heating, the diphos-
hine [(iPr2N)(Me3Si)2NP]2 underwent reversible dissociation into
he phosphinyl radical (iPr2N)(Me3Si)2NP• [143]. The reaction of
he diphosphine with white phosphorus over 1.5 h in refluxing

Scheme 6.2. Radical reaction of bromine with white phosphorus.
Fig. 6.1. Single crystal structure of the tetraphosphabicyclo[1.1.0]butane,
[(iPr2N)(Me3Si)2NP]2P4 [143]. Hydrogen atoms have been omitted for clarity.

toluene yielded the tetraphosphabicyclo[1.1.0]butane as shown in
Scheme 6.3. Due to the unsymmetrical nature of the substituents on
the diphosphine, the product was isolated and as a mixture of meso-
and rac-diastereoisomers that cocrystallize (Fig. 6.1). The resulting
structure indicates this species likely formed through steps 1 and 2
as listed above. The thermal stability imparted by the bulky phos-
phine substituents should be noted (i.e. preparation in refluxing
toluene).

Most recently, Cossiart and Cummins [144] showed that a num-
ber of phosphines and polyphosphines could be prepared via a
radical route through the use of a Ti(III) reagent, Ti(N[tBu]Ar)3
(Ar = 3,5-Me2C6H3), and various R–X species (R–X = PhBr, CyBr,
Me3SiI, Ph3SnCl, Scheme 6.4). The titanium complex is used stoi-
chiometrically to abstract X• (X = halide) to form the corresponding
Ti(IV) complex and generate R•. The group 14 radicals then react
with white phosphorus to form the tertiary phosphine. Depending
on the stoichiometry, yields are 95% or higher for each substi-
tutent. By modifying the stoichiometry tetraphenyldiphosphine,
Ph2P–PPh2, can be isolated and is one of the intermediates in the
fragmentation of white phosphorus by Ph• radicals. Using more
sterically hindered substituents such as Mes or DMP results in the
isolation of other plausible models of intermediates. Reaction of
in a 61% isolated yield. Presumably, due to the mild reaction con-
ditions and the lack of formation of (MesP)4 [145], the mechanism
may likely follow step 3a listed above. However, it cannot be ruled

Scheme 6.4. Formation of tertiary phosphines via radicals formed using a Ti(III)
reagent.



1358 N.A. Giffin, J.D. Masuda / Coordination Chem

Scheme 6.5. Homolytic cleavage of the Si–Si bond of superdisilane forms a silyl
radical that reacts with P4 forming two products.
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ig. 6.2. Single crystal structure of tris(tri-tert-butylsilyl)heptaphosphanotricyclane
147]. Hydrogen atoms have been omitted for clarity.

ut that (MesP)4 is formed and due to steric strain is more reac-
ive since the minor side product Mes2P–PMes2 could form from
oth the three- and four-membered species. Finally, using the steri-
ally bulky DMP substituent, the cis,trans-DMP-P4-DMP compound
ormed as the only product (78% isolated yield) when using DMP
s the radical source.

The so-called superdisilane, tBu3Si-SitBu3, readily forms
he supersilyl radical, tBu3Si•, upon heating above 50 ◦C
146]. Thus, heating a mixture of superdisilane with white
hosphorus at elevated temperatures gives a mixture of
wo products: the butterfly compound trans,trans-bis(tri-tert-
utylsilyl)tetraphosphabicyclo[1.1.0]butane and the cage-type
ompound tris(tri-tert-butylsilyl)heptaphosphanotricyclane
Scheme 6.5) [147]. Clearly, the supersilyl radical reacts in the
xpected manner when forming the butterfly species, while the
ormation of the P7 species is less obvious (Fig. 6.2).

. Conclusion and outlook

Although the reaction of white phosphorus with p-block nucle-
philes and electrophile initiated, ambiphilic centers is well on
ts way to being established, recent work by the Bertrand group
as shown that there is much more to explore in the activation,

ragmentation, aggregation and substitution using nucleophile ini-
iated, ambiphilic centers such as singlet carbenes. Furthermore,
adical-based chemistry involving white phosphorus appears to be
nderdeveloped and may prove fruitful based on recent success
n the stoichiometric production of “normal” tertiary alkyl or aryl
hosphines by Cossairt and Cummins [144]. Such innovation will
ontinue to drive the resurgence of P4 chemistry through the next
ecade. The catalytic derivatization of P4 continues to be a challenge
istry Reviews 255 (2011) 1342–1359

for phosphorus chemists. Of course, if catalysis can be achieved,
another exciting chapter in phosphorus chemistry will begin.
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