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Abstract: Recent advances towards a systematic develop-
ment of catena-phosphorus cations are reviewed. The cat-
ions represented in this new and developing chapter in

fundamental phosphorus chemistry complement the series
of neutral and anionic polyphosphorus compounds.
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1. Introduction

Catenation (homoatomic bonding) is a prominent feature of
carbon chemistry that is also evident for phosphorus, consis-
tent with the diagonal relationship (similar electronegativi-
ties) between carbon and phosphorus in the Periodic Table.
Although the allotropic forms of phosphorus as well as the
established series of catena-phosphines[1–4] and catena-phos-
phorus anions[1–3,5] represent an extensive catena-phosphorus
chemistry, relatively few derivatives of catena-phosphorus
cations have been reported.[6–28] Nevertheless, the isolobal
nature of PH4

+ and CH4 highlights a potential for parallels
to catena-carbon chemistry that are important in the context
of fundamental understanding of catenation for phosphorus.

As catena-phosphines and catena-phosphorus
anions,[1–5,29,30] such as 1[31] and 2,[32,33] are formally derived
by directly linking phosphine (I) and phosphide (II) units,

catena-phosphorus cations
(phosphinophosphonium ions)
are envisaged as a combination
of phosphine (I) and phospho-
nium (III) units. Herein we
present the recent systematic

development of catena-phosphorus cations, which represent
a new direction in fundamental phosphorus chemistry.

2. Phosphinophosphonium Ions

Phosphinophosphonium ions
(A), which contain a single P�P
bond between a phosphine and
a phosphonium center, were
first proposed as products of
the reaction of a diphosphine
with alkyl or aryl halides,[6] and in reactions of chlorophos-
phines with AlCl3.

[7–9,11–13,28] The solid-state structures of a
number of derivatives recently confirmed the connectivity.[28]

Chlorophosphonium derivatives (A-1) are prepared from a
chlorophosphine and 0.5 equivalents of an appropriate
halide-abstracting agent (GaCl3 or TMSOTf (TMS= trime-
thylsilyl, OTf= trifluoromethanesulfonyl)) (Scheme 1a).

Phosphinophosphonium derivatives of type A-2 can be pre-
pared directly from combinations of a chlorophosphine, a
phosphine, and a halide abstractor (Scheme 1b).[13,28] Deriv-
atives of A exhibit two well-separated doublets in the
31P NMR spectra with dphosphine in the range �23 to 3 ppm,
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Scheme 1. Synthetic approaches to phosphinophosphonium ions.
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dphosphonium in the range 15 to 80 ppm, and 1JPP in the range
320 to 360 Hz (see also Table 1).[13]

The solid-state structure of the phosphinophosphonium
cation in [Me3PPPh2]ACHTUNGTRENNUNG[OTf] is shown in Figure 1, illustrating
the slightly distorted tetrahedral geometry of the tetracoor-
dinate phosphorus center and the typical pyramidal geome-
try of the three-coordinate phosphorus center.[13] These geo-

metrical parameters, coupled with the typical single P�P
bond lengths in these species (Table 1), indicate the pres-
ence of a stereochemically active lone pair of electrons on
the tricoordinate (phosphine) center and imply that no sig-
nificant p-bonding is involved. In contrast to the typical co-
valent bonds in neutral and anionic polyphosphorus com-
pounds, the P�P bond in phosphinophosphoniun ions is un-
usual in that it can be described as a homoatomic coordinate
bond between a phosphine ligand and a phosphenium ion
acceptor (A’). This model accounts for the extensive ligand-
exchange chemistry that has been developed for derivatives
of A.

Ligand exchange at the phosphenium center can be ef-
fected by any neutral molecule that is a stronger donor than
the stabilizing phosphine in the phosphinophosphonium
cation (A),[13,28, 34] as illustrated in Scheme 1c by the replace-
ment of R2PCl in A-1 for R’3P. This is a versatile and con-
venient method for the formation of various element–phos-
phorus bonds.[34–36] Ligand exchange with diphosphines that
bear a hydrocarbon tether (T) leads to polyphosphorus cat-
ions 3 and dications 4.[37, 38] The solid-state structure of the

ethane-tethered octaphenylbis(phosphinophosphonium) di-
cation (a derivative of 4) of the bis(tetrachlorogallate) salt is
shown in Figure 2.

3. Diphosphinophosphonium Ions

Ligand-exchange reactions of phosphinophosphonium cat-
ions with P�P diphosphines give catena-diphosphinophos-
phonium ions (B), of which derivatives B-1b and B-1c can
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Figure 1. Solid-state structure of the cation in (Me3PPPh2) ACHTUNGTRENNUNG(OTf).
ACHTUNGTRENNUNGEllipsoids drawn at the 50% probability level.

Figure 2. Solid-state structure of the dication in
[Ph2PPh2PCH2CH2PPh2PPh2] ACHTUNGTRENNUNG[GaCl4]2. Ellipsoids drawn at the 50% prob-
ability level.
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also be prepared from the direct combination of diphos-
phine, chlorophosphine, and TMSOTf.[39] The solid-state
structure of the prototypical cation in [Me6P3]ACHTUNGTRENNUNG[OTf] shown
in Figure 3 reveals a crystallographic nonsymmetry (P1¼6
P3) that is averaged by bond rotation in solution to give an
AB2 spin system in the 31P NMR spectra. The dphosphine,
dphosphonium, and

1JPP values are consistent with those observed
for phosphinophosphonium cations (Table 1). Cation B-1a
can be synthesized from an analogous direct reaction involv-
ing I2P-PI2, PI3, and AgAl[OC ACHTUNGTRENNUNG(CF3)3]4,

[14] whereas the

unique diphosphinophosphonium ions B-2[13] and B-3[15] can
be prepared by alternative procedures. The triflate salt of B-
2 is formed in the complicated, but high-yielding reaction of
1,2-bis(di-tert-butylphosphino)benzene with the pentaphenyl

Table 1. Selected NMR parameters and structural data for one representative of each class of catena-phosphorus cation. Parameters in bold involve the
phosphonium center(s).

Label Formula 31P{1H} Spin System 31P{1H} d [ppm] 1JPP [Hz] P�P [I] Ref.

A-2 [Ph3P-PPh2] ACHTUNGTRENNUNG[GaCl4] AX 13
�12

�340 2.220(6) [13]

B-1b [Me2P-PMe2-PMe2]ACHTUNGTRENNUNG[OTf] A2B 12
�62

�298 2.2160(6)
2.1883(6)

[39]

C-1a ACHTUNGTRENNUNG[(tBuP)2PtBuMe] ACHTUNGTRENNUNG[OTf] AMX �20
�51
�110

�334
�317
�123

2.1465(6)
2.1652(6)
2.2306(6)

ACHTUNGTRENNUNG[43,44]

D-1a ACHTUNGTRENNUNG[(tBuP)3PtBuMe] ACHTUNGTRENNUNG[OTf] AB2X 18
�29
�43

�275
�152

2.204(2)
2.203(2)
2.244(2)
2.246(2)

ACHTUNGTRENNUNG[43,44]

E-1b ACHTUNGTRENNUNG[(MeP)4PMe2] ACHTUNGTRENNUNG[OTf] AA’BB’X 101
20
24

�346
�277
�263

2.206(1)
2.207(1)
2.185(1)
2.197(1)
2.189(1)

[45]

F-1a ACHTUNGTRENNUNG[P5Br2][Al(OR)4]
R=C ACHTUNGTRENNUNG(CF3)3

A2B2X 20
162
�237

(�)320.9
(�)148.7

2.156(7)
2.239(8)
2.211(8)

ACHTUNGTRENNUNG[16,17]

G-1 ACHTUNGTRENNUNG[Mes*P=P ACHTUNGTRENNUNG(Mes*)(Me)] ACHTUNGTRENNUNG[OTf] AX 237
332

(�)633 2.2024(2) [49]

H-1 [Ph3P-P=P-Mes*] ACHTUNGTRENNUNG[OTf] AMX 641
334
25

(�)384
(�)580

2.206(1)
2.025(1)

[50]

I-1 [Ph3P-P=PPh3] ACHTUNGTRENNUNG[AlCl4] AX2 30
�174

(�)502 2.137(6)[b]

2.2128(6)[b]
[52]

J-4b [Me3P-PMe3] ACHTUNGTRENNUNG[OTf]2 A2 28.44 �19.9 2.198(2) [65]
K-1 [Ph3P-PH-PPh3] ACHTUNGTRENNUNG[AlCl4]2 AB2 23

�120
(�)286 2.205(1)

2.224(1)
[24]

L1a [Ph3P-PPh-PPh-PPh3] ACHTUNGTRENNUNG[OTf]2
[c] AA’BB’ 24

�33
�343
�124

2.258(1)
2.221(1)

[69]

M-1 ACHTUNGTRENNUNG[{2,6- ACHTUNGTRENNUNG(OMe)2C6H4}6P4] ACHTUNGTRENNUNG[Me3SnF2]2 A2B2 41.2
2.2

(�)287 2.231
2.232

[27]

N-1b’ ACHTUNGTRENNUNG[Me2P ACHTUNGTRENNUNG(PPh)4PMe2] ACHTUNGTRENNUNG[GaCl4]2 AA’A’’A’’’BB’ 11.2
�53.5

�295.2
�4.0

2.2014(9)
2.2081(9)
2.2308(9)

[71]

[a] Crystal data is of (RO)3Al-F-Al(OR)3 salt (R=C ACHTUNGTRENNUNG(CF3)3). [b] Values for one of two cations in the asymmetric unit. [c] NMR data presented for major
diastereomer only

Figure 3. Solid-state structure of the cation in [Me6P3] ACHTUNGTRENNUNG[OTf]. Ellipsoids
drawn at the 50% probability level.
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derivative of the phosphinophosphonium cation A. The tet-
rachloroaluminate salt of B-3 is formed by the reaction of
the unusual (tBuC)2P3Cl cage with AlCl3.

4. Cyclopolyphosphinophosphonium Ions

Triphosphinophosphonium (D) and tetraphosphinophospho-
nium (E) cations were first proposed on the basis of elemen-
tal analysis data for compounds isolated from the alkylation

of cyclotetra- and cyclopentaphosphines with CCl4 or
MeI,[40–42] but examples have only recently been definitively
characterized.[39,43–46] Triflate salts of cations with frame-
works C-1,[44] D-1,[44] and E-1[45] can be prepared in high
yields by methylation or protonation (D-1 only) of cyclo-
ACHTUNGTRENNUNGpolyphosphines (Scheme 2a). Frameworks D-2 and E-2 are

also formed by insertion of a phosphenium ion into cyclotri-
and tetraphosphines to give ring-expanded cations
(Scheme 2b). In contrast, cyclopentaphosphines react with
phosphenium cations with retention of the cyclopentaphos-
phorus ring (Scheme 2c), which indicates a redistribution
process.[39,43] Solid-state structures of a number of derivatives
(C-1a, D-1a, D-1b, D-1c, D-2a E-1b, E-2b, E-2c, E-2d)
confirm the distinctly ionic formulations.[44,45]

Whereas the 31P{1H} NMR spectra for derivatives of C
and D are essentially first order, the five-membered frame
of E necessarily imparts magnetic inequivalence and gives
rise to complex second-order spectra. Interpretation of the
experimental spectra for all derivatives of E has required
iterative simulation as AA’BB’X (symmetrically substituted
derivatives E-1b and E-2a, E-2b, E-2c, E-2d) or ABCDX
(E-1a) spin systems. The averaged C2 symmetry in solution,
indicated by the AA’BB’X spin systems, contrasts the C1

solid-state structures and imply a low-energy conformational
pseudorotation process,[45] as understood for cyclopentane.[47]

Unique conformations are observed in the solid state for
each derivative, such as the envelope conformation (at P4)
of E-1b shown in Figure 4.

The cluster pentaphosphorus cations F have been pre-
pared by the reaction of Ag[Al{OCACHTUNGTRENNUNG(CF3)4}4], PX3 (X=Br,
I), and white phosphorus, representing the insertion of the
phosphenium ion PX2

+ into a P�P bond of P4 (Scheme 3).[17]

Scheme 2. General synthetic methods for the preparation of catena-cyclo-
polyphosphinophosphonium ions. OTf= trifluoromethanesulfonate, Cy=

cyclohexyl.

Figure 4. Solid-state structure of the cation in [cyclo-Me6P5] ACHTUNGTRENNUNG[OTf].
ACHTUNGTRENNUNGEllipsoids drawn at the 50% probability level.

Scheme 3. Formation of cationic pentaphosporus clusters.
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5. Unsaturated Phosphinophosphonium Ions

Diphosphenes with the generic formula RPPR contain a
formal P=P double bond and represent catenated dicoordi-
nate phosphorus frameworks that provide access to unsatu-
rated phosphinophosphonium ions with topologies such as
G and H. Methylation of the classical diphosphene[48]

Mes*P=PMes* (Mes*=2,4,6-tri-tert-butylphenyl)
(Scheme 4) gives G-1,[49] for which the coordination model
implied for phosphinophosphonium cations A’ does not
apply. The cation features a planar C3P2 core and a charac-
teristic P=P bond length of 2.024(2) I.

Cation H-1, composed of a phosphonium moiety and a di-
phosphene moiety, was prepared by the selective proton-
ACHTUNGTRENNUNGation at the nitrogen center of P-aminodiphosphenes in the
presence of triphenylphosphine (Scheme 5).[50]

As shown in Scheme 6, reduction of PCl3 with SnCl2 in
the presence of a phosphine gives derivatives of framework
I,[51–53] which can also be considered with bonding models I’,
I’’, or I’’’. These frameworks have also been referred to as
triphosphenium ions. Recent reports of cyclic derivatives

represent chelate complexes of P+ , I’’’,[26,51,53–60] and a syn-
thetic source of P(I), as demonstrated by ligand-exchange
reactions with stronger donors.[52, 61] Cyclic derivatives of tri-
phosphenium ions, with four- to seven-membered CnP3 rings
(n=1–4) have also been prepared or observed in solution
by means of 31P NMR spectroscopy.[26,51,57–60]

6. Diphosphonium Ions

The P�P-bonded diphosphonium unit J was first assigned
on the basis of elemental analysis data and IR spectrosco-
py[62] for products isolated from reactions of red phosphorus

with alkyl iodides.[63,64] Examples of the diphosphonium unit
were definitively characterized in unique polycyclic frame-
works (J-1,[18] J-2,[22] and J-3[26]) and in the presence of steri-
cally bulky amine substituents (J-4a[19]). Alkylation reac-
tions of diphosphines or phosphinophosphonium cations
provide a general synthetic approach to hexaalkyl-1,2-di-
phosphonium dications such as the prototypical J-4b, a
direct analogue of hexamethylethane, and a series of deriva-
tives have been crystallographically characterized
(Figure 5).[65] The 31P NMR dphosphonium values for derivatives
of J are consistent with those in phosphinophosphonium cat-
ions, but the 1JPP values (19–94 Hz) are smaller than for P�P
bonds featuring at least one phosphine center.[65]

7. Mono- and Diphosphinodiphosphonium Ions

Dichlorophosphines react with 2 equivalents of a tertiary
phosphine in the presence of AlCl3 to give 2-phosphino-1,3-
diphosphonium ions K (Scheme 7),[24] which can also be pre-
pared by protonation or alkylation of derivatives of I.[24,66–68]

Scheme 4. Methylation of a diphosphene. Mes=mesityl=2,4,6-trimethyl-
phenyl.

Scheme 5. Formation of the unsaturated monocation H-1.

Scheme 6. Reduction of PCl3 to give derivatives of I.

Figure 5. Solid-state structure of the diphosphonium dication in [Me6P2]-
[OTf]2. Ellipsoids drawn at the 50% probability level.
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The analogous tetraphosphorus dicationic framework of
type L, involving two phosphine centers between two termi-
nal phosphonium centers, has been synthesized by reductive
coupling of chlorophosphinophosphonium cations A-3
(Scheme 8).[69] Unique derivatives of the tetraphosphorus

framework L have been reported, including L-2, which is
prepared from a triphosphenium ion I,[25] and the bicyclic
compound L-3.[26] Derivatives of L-4 are prepared by a simi-

lar method to that for L-1a in that the reaction involves a
reductive coupling between a chlorophophinophosphonium
ion and dichlorophosphine before ring closure.[70]

Importantly, derivative L-1a represents a bisphosphenium
dication stabilized by two phosphine ligands (L’), and ac-
cordingly undergoes ligand exchange to provide L-1b, dem-
onstrating a versatile approach to derivatization.[69] The
solid-state structure of the dication L-1b is shown in
Figure 6.

8. Cyclopolyphosphinodiphosphonium Ions

A cyclodiphosphinodiphosphonium ion M, the first cyclodi-
phosphonium cation, was isolated in low yield as the

[Me3SnF2]
� salt from the reaction of 2,6-dimethoxyphenyl-

(trimethyl)stannane with PClF2.
[27] However, high-yielding

general synthetic routes to cyclotetraphosphinodiphosphoni-
um ions N involve the stoichiometric combination of (PhP)5,
Ph2PCl, and GaCl3 in a melt mixture at 165 8C.[71] The previ-
ously mentioned hexaphenylpentaphosphorus monocation
E-2c is observed by means of NMR spectroscopy as an in-
termediate at lower temperatures (Scheme 9). Whereas oc-
taphenylcyclotetraphosphinodiphosphonium dication N-1a

adopts a twist-boat conforma-
tion in the solid state, a conven-
tional chair conformation is ob-
served for the tetramethyl de-
rivative N-1b’. Both configura-
tional isomers N-1b and N-1b’
are observed by using 31P NMR
spectroscopy upon dissolution
of samples of crystalline N-1b’,

and the spectra have been simulated as AA’A’’A’’’BB’ spin
systems.

Scheme 8. Preparation of diphosphinodiphosphonium ions L-1. TMS=

trimethylsilyl.

Figure 6. Solid-state structure of the dication in [Me3PPPhPPhPMe3]-
[OTf]2. Ellipsoids drawn at the 50% probability level.

Scheme 9. Formation of cyclotetraphosphinodiphosphonium ions N via
cyclotetraphosphinophosphonium ions in a molten mixture.

Scheme 7. Preparation of phosphinodiphosphonium ions K.
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Conclusions

The diagonal relationship between carbon and phosphorus,
and the isolobal relationship between methane and phos-
phine and/or phosphide has often been invoked in drawing
comparisons between the chemistry of carbon and phospho-
rus.[1–4,72–74] In this context, the development of catena-phos-
phorus cations represents a new direction in fundamental
phosphorus chemistry that complements the established
series of neutral and anionic catena-phosphorus compounds.
Figure 7 catalogues the potential topologies for acyclic phos-

phinophosphonium monocations and dications (up to four
phosphorus atoms) and cyclic phosphinophosphonium
monocations and dications (up to six phosphorus atoms).
Less than half of the potential topologies have been report-
ed, defining a number of synthetic objectives and promising
a diverse array of structural arrangements and reactivity.
Currently, the degree of charge and catenation for catena-
phosphorus cations are much lower than for the correspond-
ing neutral and anionic species, and cations that contain
more than three positive charges and/or six phosphorus
atoms represent important targets in this new field. The first

cyclotriphosphinodiphosphonium cations have been report-
ed.[75]

Acknowledgements

We thank the Natural Sciences and Engineering Research Council of
Canada, the Killam Foundation, the Canada Research Chairs Program,
the Canada Foundation for Innovation, the Nova Scotia Research and In-
novation Trust Fund, and the Walter C. Sumner Foundation for funding.

[1] M. Baudler, Angew. Chem. 1982, 94, 520–539; Angew. Chem. Int.
Ed. Engl. 1982, 21, 492–512.

[2] M. Baudler, Angew. Chem. 1987, 99, 429–451; Angew. Chem. Int.
Ed. Engl. 1987, 26, 419–441.

[3] M. Baudler, K. Glinka, Chem. Rev. 1993, 93, 1623–1667.
[4] M. Baudler, K. Glinka, Chem. Rev. 1994, 94, 1273–1297.
[5] H. G. von Schnering, W. Hçnle, Chem. Rev. 1988, 88, 243–273.
[6] D. Hoffmann, R. Gruenewald, Chem. Ber. 1961, 94, 186–193.
[7] F. Sh. Shagvaleev, T. V. Zykova, R. I. Tarasova, T. Sh. Sitdikova,

V. V. Moskva, Zh. Obshch. Khim. 1990, 60, 1775–1779.
[8] N. Burford, T. S. Cameron, D. J. LeBlanc, P. Losier, S. Sereda, G.

Wu, Organometallics 1997, 16, 4712–4717.
[9] C. W. Schultz, R. W. Parry, Inorg. Chem. 1976, 15, 3046–3050.

[10] C. W. Schultz, R. W. Rudolph, J. Am. Chem. Soc. 1971, 93, 1898–
1903.

[11] M. G. Thomas, C. W. Schultz, R. W. Parry, Inorg. Chem. 1977, 16,
994–1001.

[12] R. W. Kopp, A. C. Bond, R. W. Parry, Inorg. Chem. 1976, 15, 3042–
3046.

[13] N. Burford, P. J. Ragogna, R. McDonald, M. Ferguson, J. Am.
Chem. Soc. 2003, 125, 14404–14410.

[14] I. Krossing, Dalton Trans. 2002, 500–512.
[15] J. M. Lynam, M. C. Copsey, M. Green, J. C. Jeffery, J. E. McGrady,

C. A. Russell, J. M. Slattery, A. C. Swain, Angew. Chem. 2003, 115,
2884–2888; Angew. Chem. Int. Ed. 2003, 42, 2778–2782.

[16] M. Gonsior, I. Krossing, L. MQller, I. Raabe, M. Jansen, L. van
WQllen, Chem. Eur. J. 2002, 8, 4475–4492.

[17] I. Krossing, I. Raabe, Angew. Chem. 2001, 113, 4544–4547; Angew.
Chem. Int. Ed. 2001, 40, 4406–4409.

[18] D. Schomburg, G. Bettermann, L. Ernst, R. Schmutzler, Angew.
Chem. 1985, 97, 971–972; Angew. Chem. Int. Ed. Engl. 1985, 24,
975–976.

[19] E. V. Nikitin, A. S. Romakhin, V. A. Zagumennov, Yu. A. Babkin,
Electrochim. Acta 1997, 42, 2217–2224.

[20] A. S. Romakhin, F. M. Palyutin, Yu. A. Ignat’ev, E. V. Nikitin,
Yu. M. Kargin, I. A. Litvinov, V. A. Naumov, Izv. Akad. Nauk SSSR
Ser. Khim. 1990, 3, 664–669.

[21] R. W. Alder, C. Ganter, C. J. Harris, A. G. Orpen, J. Chem. Soc.
Chem. Commun. 1992, 1170–1172.

[22] R. W. Alder, C. Ganter, C. J. Harris, A. G. Orpen, J. Chem. Soc.
Chem. Commun. 1992, 1172–1174.

[23] R. W. Alder, D. D. Ellis, R. Gleiter, C. J. Harris, H. Lange, A. G.
Orpen, D. Read, P. N. Taylor, Perkin Trans. 1 1998, 1657–1668.

[24] A. Schmidpeter, S. Lochschmidt, K. Karaghiosoff, W. S. Sheldrick, J.
Chem. Soc. Chem. Commun. 1985, 1447–1448.

[25] S. Lochschmidt, G. Muller, B. Huber, A. Schmidpeter, Z. Natur-
forsch. B 1986, 41, 444–454.

[26] P. Kilian, A. M. Z. Slawin, J. D. Woollins, Dalton Trans. 2006, 2175–
2183.

[27] L. Heuer, L. Ernst, R. Schmutzler, D. Schomburg, Angew. Chem.
1989, 101, 1549–1550; Angew. Chem. Int. Ed. Engl. 1989, 28, 1507–
1509.

[28] N. Burford, T. S. Cameron, P. J. Ragogna, E. Ocando-Mavarez, M.
Gee, R. McDonald, R. E. Wasylishen, J. Am. Chem. Soc. 2001, 123,
7947–7948.

Figure 7. Phosphinophosphonium frameworks (each vertex represents a
phosphorus center). Frameworks in solid boxes have not been reported;
frameworks in dotted boxes have been observed and will be reported in
due course.

Chem. Asian J. 2008, 3, 28 – 36 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemasianj.org 35

catena-Phosphorus Cations



[29] I. Haiduc, The Chemistry of Inorganic Ring Systems, Wiley-Inter-
science, New York, 1970, pp. 82–102.

[30] G. M. Kosolapoff, L. Maier, Organic Phosphorus Compounds,
Wiley-Interscience, New York, 1972, pp. 289–331.

[31] M. Baudler, H. Jachow, B. Lieser, K.-F. Tebbe, M. FehSr, Angew.
Chem. 1989, 101, 1245–1247; Angew. Chem. Int. Ed. Engl. 1989, 28,
1231–1232.

[32] M. Baudler, R. HeumQller, D. DQster, J. Germeshausen, J. Hahn, Z.
Anorg. Allg. Chem. 1984, 518, 7–13.

[33] K.-F. Tebbe, M. FehSr, M. Baudler, Z. Kristallogr. 1985, 170, 180–
181.

[34] N. Burford, P. J. Ragogna, Dalton Trans. 2002, 4307–4315.
[35] N. Burford, P. J. Ragogna, K. N. Robertson, T. S. Cameron, N. J.

Hardman, P. P. Power, J. Am. Chem. Soc. 2002, 124, 382–383.
[36] N. Burford, P. Losier, A. D. Phillips, P. J. Ragogna, T. S. Cameron,

Inorg. Chem. 2003, 42, 1087–1091.
[37] N. Burford, P. J. Ragogna, R. McDonald, M. J. Ferguson, Chem.

Commun. 2003, 2066–2067.
[38] N. Burford, D. E. Herbert, P. J. Ragogna, R. McDonald, M. J. Fergu-

son, J. Am. Chem. Soc. 2004, 126, 17067–17073.
[39] N. Burford, C. A. Dyker, A. Decken, Angew. Chem. 2005, 117,

2416–2419; Angew. Chem. Int. Ed. 2005, 44, 2364–2367.
[40] K. Issleib, M. Hoffmann, Chem. Ber. 1966, 99, 1320–1324.
[41] K. Issleib, C. Rockstroh, I. Duchek, E. Fluck, Z. Anorg. Allg. Chem.

1968, 360, 77–87.
[42] R. Appel, R. Milker, Z. Anorg. Allg. Chem. 1975, 417, 161–170.
[43] N. Burford, C. A. Dyker, M. D. Lumsden, A. Decken, Angew.

Chem. 2005, 117, 6352–6355; Angew. Chem. Int. Ed. 2005, 44, 6196–
6199.

[44] C. A. Dyker, N. Burford, G. Menard, M. D. Lumsden, A. Decken,
Inorg. Chem. 2007, 46, 4277–4285.

[45] C. A. Dyker, S. D. Riegel, N. Burford, M. D. Lumsden, A. Decken,
J. Am. Chem. Soc. 2007, 129, 7464–7474.

[46] K. K. Laali, B. Geissler, M. Regitz, J. Org. Chem. 1995, 60, 3149–
3154.

[47] J. E. Kilpatrick, K. S. Pitzer, R. Spitzer, J. Am. Chem. Soc. 1947, 69,
2483–2488.

[48] M. Yoshifuji, I. Shima, N. Inamoto, K. Hirotsu, T. Higuchi, J. Am.
Chem. Soc. 1981, 103, 4587–4589.

[49] S. Loss, C. Widauer, H. GrQtzmacher, Angew. Chem. 1999, 111,
3546–3548; Angew. Chem. Int. Ed. 1999, 38, 3329–3331.

[50] V. D. Romanenko, V. L. Rudzevich, E. B. Rusanov, A. N. Chernega,
A. Senio, J. M. Sotiropoulos, G. Pfister-Guillouzo, M. Sanchez, J.
Chem. Soc. Chem. Commun. 1995, 1383–1385.

[51] A. Schmidpeter, S. Lochschmidt, W. S. Sheldrick, Angew. Chem.
1982, 94, 72–72; Angew. Chem. Int. Ed. Engl. 1982, 21, 63–64.

[52] A. Schmidpeter, S. Lochschmidt, W. S. Sheldrick, Angew. Chem.
1985, 97, 214–215; Angew. Chem. Int. Ed. Engl. 1985, 24, 226–227.

[53] B. D. Ellis, C. L. B. Macdonald, Inorg. Chem. 2006, 45, 6864–6874.
[54] B. D. Ellis, M. Carlesimo, C. L. B. Macdonald, Chem. Commun.

2003, 1946–1947.
[55] A. Schmidpeter, S. Lochschmidt, A. Willhalm, Angew. Chem. 1983,

95, 561–562; Angew. Chem. Int. Ed. Engl. 1983, 22, 545–546.
[56] B. D. Ellis, C. L. B. Macdonald, Coord. Chem. Rev. 2007, 251, 936–

973.
[57] J. A. Boon, H. L. Byers, K. B. Dillon, A. E. Goeta, D. A. Longbot-

tom, Heteroat. Chem. 2000, 11, 226–231.
[58] R. J. Barnham, R. M. K. Deng, K. B. Dillon, A. E. Goeta, J. A. K.

Howard, H. Puschmann, Heteroat. Chem. 2001, 12, 501–510.
[59] K. B. Dillon, P. K. Monks, R. J. Olivey, H. H. Karsch, Heteroat.

Chem. 2004, 15, 464–467.
[60] K. B. Dillon, P. K. Monks, Dalton Trans. 2007, 1420–1424.
[61] B. D. Ellis, C. A. Dyker, A. Decken, C. L. B. Macdonald, Chem.

Commun. 2005, 1965–1967.
[62] R. M. Siddique, J. M. Winfield, Can. J. Chem. 1989, 67, 1780–1784.
[63] Y. P. Makovetskii, N. G. Feshchenko, V. V. Malovik, V. Y. Semenii,

I. E. Boldeskul, V. A. Bondar, N. P. Chernukho, J. Gen. Chem. 1980,
50, 1967.

[64] Y. P. Makovetskii, V. E. Lidkovskii, I. E. Boldeskul, N. G. Feshchen-
ko, N. N. Kalibabchuk, J. Gen. Chem. 1989, 59, 1989.

[65] J. J. Weigand, S. D. Riegel, N. Burford, A. Decken, J. Am. Chem.
Soc. 2007, 129, 7969–7976.

[66] K. B. Dillon, R. J. Olivey, Heteroat. Chem. 2004, 15, 150–154.
[67] J. D. Burton, R. M. K. Deng, K. B. Dillon, P. K. Monks, R. J. Olivey,

Heteroat. Chem. 2005, 16, 447–452.
[68] S. Lochschmidt, A. Schmidpeter, Z. Naturforsch. B 1985, 40, 765–

773.
[69] C. A. Dyker, N. Burford, M. D. Lumsden, A. Decken, J. Am. Chem.

Soc. 2006, 128, 9632–9633.
[70] A. J. Boyall, K. B. Dillon, J. A. K. Howard, P. K. Monks, A. L.

Thompson, Dalton Trans. 2007, 1374–1376.
[71] J. J. Weigand, N. Burford, M. D. Lumsden, A. Decken, Angew.

Chem. 2006, 118, 6885–6889; Angew. Chem. Int. Ed. 2006, 45, 6733–
6737.

[72] K. B. Dillon, F. Mathey, J. F. Nixon, Phosphorus: The Carbon Copy,
Wiley, New York, 1998.

[73] F. Mathey, Acc. Chem. Res. 1992, 25, 90–96.
[74] F. Mathey, Angew. Chem. 2003, 115, 1616–1643; Angew. Chem. Int.

Ed. 2003, 42, 1578–1604.
[75] S. D. Riegel, N. Burford, M. D. Lumsden, A. Decken, Chem.

Commun. 2007, 4668–4670.
Received: July 23, 2007

Published online: December 4, 2007

36 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 28 – 36

FOCUS REVIEWS
N. Burford and A. Dyker


