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The transformation of white phosphorus with ambiphilic
main-group element compounds (Amb; for example, car-
benes, silylenes, phosphenium ion salts) has given new
impetus to the field of P4 activation. Depending on the
nature of Amb, these reactions proceed by two distinct
reaction mechanisms.[1] If Amb is of predominantly electro-
philic character, the reaction commences with an electrophilic
attack on P4. A subsequent rearrangement yields cage
compounds of type A (Scheme 1). The overall reaction
corresponds to a formal insertion of Amb into a P�P bond
of the P4 tetrahedron. Several main-group-element-centered
compounds,[2] and especially those featuring a Group 15
element, react according to this mechanism. For example,
reactions were reported yielding several remarkable cage
cations, such as P4NO+,[3] P5X2

+ (X = I, Br, Cl)[4] and a series
of intriguing polyphosphorus cages featuring organo substitu-
ents.[5]

If the nature of Amb is predominantly nucleophilic, the
reaction of Amb and P4 commences with a nucleophilic
attack. A subsequent rearrangement gives a cyclo-triphos-
phirene-type structure B (Scheme 1). The formation of B is
favored by the propensity of Amb to accept electron density
from the adjacent P atom.[1] Carbenes L are ambiphiles with
predominantly nucleophilic character[6] and react accordingly.
Mainly N-heterocyclic carbenes (NHC) and cyclic or acyclic
alkyl amino carbenes (cAAC or aAAC) were investigated in
reactions with P4.

[7, 8] In all cases a cyclo-triphosphirene of type
B was reported as an intermediate. However B is elusive, and
distinct reaction pathways occur depending on the electronic
and steric features of L. Bertrand and co-workers reacted P4

with carbene L1 or L2 in a 1:2 stoichiometry and obtained E/Z

isomers 1a,b via an intermediate of type B (Scheme 1, I).[7]

Bicyclic compound 2 results from the reaction of an inter-
mediate of type B with the alkylamino carbene L3 by
a cycloaddition reaction involving the triphosphirene P�P
double bond (II).[8] Compound 3 results from a ring-opening
reaction of B with two eqivalents of L4, which is accompanied
by the formation of a small amount of 4 as side product (III).[8]

A [3+1] fragmentation of the P4 tetrahedron was achieved
using the less sterically demanding carbene L5 in a 3:1
reaction with P4.

[8] The P1 fragment was identified as cation
5+, and a compound of unknown constitution featuring a P3

moiety was indicated in the 31P NMR spectrum of the reaction
mixture (IV).[8] In this context we investigated the reaction of
DippP5Cl+ cage compound 6[GaCl4] with NHC L6 and
obtained intriguing, novel polyphosphorus compounds. A
solution of L6 in CH2Cl2 was added dropwise to a solution of
6[GaCl4] in CH2Cl2 at �78 8C (Scheme 2). A red reaction
mixture was obtained, which turned yellow after slow
warming to ambient temperature. The remarkable cationic
bicyclo[1.1.0]tetraphosphane 7+ was identified as the major
product in this reaction.[9] Apparently, a nucleophilic attack of

Scheme 1. Carbene-induced transformation and fragmentation reac-
tions of P4. I) For example + 2L2, n-hexane, RT; E-1a 65%; II) + 3L3,
Et2O, RT, 2 h, 66 %; III) + 3L4, Et2O, RT, 2 h; 3 67 %, 4 12%; IV) +3L5,
thf, RT, 12 h, CHCl3, 30 min, 74%. Dipp= 2,6-diisopropylphenyl. Only
one representative resonance structure for Ln and for Ln(+) is depicted.
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L6 on a P atom adjacent to the phosphonium moiety in 6+

occurs.
This leads to the cleavage of the P�P bond between these

atoms. The molecular structure of 7+ is shown in Figure 1 and
provides a rare example of a molecular structure of an
endo,exo-substituted bicyclo[1.1.0]tetraphosphane. The bicy-
clic P4 moiety reveals a less pronounced folding (P2···P3:
3.055(1) �) than in derivatives featuring substituents in
exo,exo-positions (av. 2.75 �).[10] A short intramolecular
distance between the atoms P1 and P3 (3.035(1) �) is
observed. The 31P{1H} NMR spectrum of the reaction mixture
shows the complex multiplet resonances of the ACEMX spin
system of 7+ (Supporting Information, Figure S2.2.1).[9] The
31P{1H} NMR parameters indicate a non-symmetrical molec-
ular structure. Thus, the rotation around the P�P bond
involving the Dipp-substituted P atom is hindered. The
endo,exo-substitution of 7+ causes an extraordinary large
3J(PP) coupling constant (3J(PP) = 244.6 Hz) involving the
chloro- and imidazoliumyl-substituted P atoms. The observed
small amounts of remaining cation 6+ and other unidentified
species together with the instability of 7+ in the reaction
mixture prevented the isolation and full characterization of

the latter. However, the formation of 7+ might constitute the
first step of a disassembly of the DippP5Cl+ cation 6+ into
smaller fragments.

We investigated the reaction of 6[GaCl4] with L6 in a ratio
of 1:3 (Figure 2, top). A suspension of 6[GaCl4] in C6H5F was
added to a solution of L6 in C6H5F at �40 8C within five

minutes. At �40 8C a deep-red reaction mixture was obtained
which turned into a deep green solution upon warming to
ambient temperature. 31P{1H} NMR investigation of the
reaction mixture (Supporting Information, Figure S2.3.1)
revealed the nearly quantitative fragmentation of the P5

+

core of 6+ into a P2 (8) and a P3
+ species (9+). The former

was isolated in very good yields (87 %) by removal of all
volatiles from the reaction mixture and extraction of the
obtained green solid with n-hexane/benzene (10:1). Com-
pound 8 is of a deep-yellow color (lmax = 410 nm), which is
attributed to its inversely polarized phosphaalkene moiety.[11]

Salt 9[GaCl4] was obtained as an analytically pure, green solid
in very good yields (89 %) by washing the residue with
benzene. The 31P{1H} NMR spectra of the isolated compounds
are depicted in Figure 2. The resonance of the X part of the
AX spin system of 8 (d(PX) = 133.8 ppm) is in the typical
range of chloro-substituted phosphanes.[12] The chemical shift
of d(PA) =�13.7 ppm is comparable to those of inversely
polarized phosphaalkenes.[11] The 13C{1H} NMR spectrum

Scheme 2. Reaction of 6[GaCl4] with carbene L6 in a 1:1 stoichiometry.
a) CH2Cl2, �78 8C, 2 h, �78 8C!RT, 12 h. Anions are omitted for
clarity.

Figure 1. Molecular structure of cation 7+ in 7[GaCl4]·CH2Cl2 (ellipsoids
are set at 50 % probability; hydrogen atoms and solvate molecules are
omitted for clarity). Selected bond lengths [�] and calculated values in
parentheses : C1–P1 1.834(2) (1.830), C13–P3 1.852(2) (1.865), P1–Cl1
2.0735(9) (2.089), P1···P3 3.035(1) (3.204), P2···P3 3.055(1) (3.118),
P1–P2 2.2274(9) (2.227), P2–P4 2.2174(9) (2.272), P2–P5 2.2170(9)
(2.233), P3–P4 2.2056(8) (2.271), P3–P5 2.2129(8) (2.262), P4–P5
2.182(1) (2.204).

Figure 2. Top: Reaction of 6[GaCl4] with carbene L6 in a 1:3 stoichiom-
etry. a) C6H5F, �40 8C, 5 min, �40 8C!RT, 3 h; 8 87%, 9[GaCl4] 89%;
anions are omitted. Bottom: 31P{1H} NMR spectra of 8 (C6D6, RT) and
9[GaCl4] (CD2Cl2, RT). A small amount of an unidentified side product
is marked with an asterisk.[9]
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reveals a doublet of doublet resonance for the C2 atom of the
imidazoliumyl substituent (d(C-2) = 172.1 ppm, 1J(CPA) =

127.2 Hz, 2J(CPX) = 24.0 Hz). The isopropyl groups of the
Dipp groups of the imidazoliumyl substituent of 8 are
diastereotopic owing to the chiral PX atom and reveal
a twofold set of resonances in the 1H NMR spectrum. The
31P{1H} NMR spectrum of 9[GaCl4] exhibits an A2X spin
system (d(PA) = 199.4 ppm, d(PX) = 597.9 ppm, 1J(PAPX) =

�508.3 Hz), indicating a CS- or a C2-symmetric molecular
structure. The PX atom resonates at remarkable low field and
compares well with the respective chemical shifts of the
central P atom of metal-coordinated triphosphaallyl deriva-
tives.[13] The chemical shift of the A part is between those of
related P-substituted, inversely polarized phosphaalkenes
((E)-1a d(P) = 63.0 ppm; Scheme 1)[7b] and imidazoliumyl-
substituted diphosphenes (for example, [L-P=P-L]2+ d(P) =

452 ppm).[14] The magnitude of the 1J(PP) coupling constant
(1J(PAPX) =�508.3 Hz) agrees well with those typically
observed for diphosphenes.[15] The 1H NMR spectrum of
9[GaCl4] shows one set of resonances corresponding to the
Dipp substituents. This indicates chemically equivalent imi-
dazoliumyl substituents and a free rotation around the C�PA

bonds. The resonance of the C2 atoms of the imidazoliumyl
substituent (d(C2) = 161.9 ppm) is shifted to higher field
compared to 8. This is in line with a decreased P�C double-
bond character.[11] The Raman spectrum of 9+ is dominated by
a prominent band corresponding to the overlapping intense
asymmetric and symmetric stretching modes of the P3 moiety
(nasym/sym(P-P-P) = 566 cm�1).[9] Similar intense bands are
reported for the symmetric stretching modes of diphosphenes
(for example, RP=PR (R = Si(SiMe3)3), nsym(P–P) =

591 cm�1;[16] R = Mes*, nsym(P–P) = 610 cm�1).[17] The inten-
sive green color of 9[GaCl4] results from a strong absorption
maximum at lmax = 696 nm, which is assigned to a n!p*

transition. A second absorption maximum at l = 443 nm
corresponds to a p!p* transition. Similar transitions are
reported for diphosphenes.[15] The molecular structure of 9+ is
shown in Figure 3 (left). An interaction of the P3 moiety with
the anion or solvate molecules was not observed. This might
be explained by the significant steric demand of the imida-
zoliumyl substituents. The P�P bond lengths are almost equal
(P1�P2 2.093(1) �, P3�P2 2.091(1) �) and between lengths
expected for a typical P�P single (2.22 �) and double bond
(2.00 �).[15] The P�C bonds (C1�P3 1.815(2) �, C28�P1
1.814(3) �) are shorter than the respective bonds in imida-
zoliumyl-substituted phosphanes (av. C�P 1.85 �),[18] indicat-
ing some degree of P�C double-bond character. A very acute
P�P�P angle (P3�P2�P1: 87.2(4)8) and a short intramolec-
ular distance between both terminal P atoms (P3···P1
2.878(1) �) are observed.[19] Such acute P�P�P angles are
characteristic features of triphosphaallyl moieties.[13]

To gain a detailed understanding of the bonding situation
in 9+, quantum chemical calculations were carried out at
BP86/def2-TZVPP on the model compound L’2P3

+ (9’+, L’=
1,3-dimethylimidazol-2-ylidene).[9] The optimized geometry
of 9’+ is in good agreement with the experimental values
(Figure 3, left). The comparatively large deviation of the P3�
P2�P1 angle can be explained with the very soft bending
potential of the P3 fragment. The analysis of the Kohn–Sham
molecular orbitals (MO) reveals that the LUMO, HOMO,
and HOMO�4 of 9’+ are closely related to the classical
p system of the C3 allyl anion (Figure 3, middle). The LUMO
corresponds to an antibonding p*-type orbital. The HOMO
reveals a node at the central P atom and two p-type lobes at
the terminal P atoms. The HOMO�4 corresponds to a bond-
ing p-type orbital. The nearly degenerated orbitals HOMO�2
(�0.27 eV), HOMO�3 (�0.27 eV), and HOMO�7
(�0.33 eV) are dominated by contributions from the lone

Figure 3. Left: molecular structure of cation 9+ in 9[GaCl4]·2 (CH2Cl2) (ellipsoids are set at 50% probability; hydrogen atoms and solvate
molecules are omitted for clarity). Selected bond lengths [�] and angles [8] , calculated values in parentheses: C1–P3 1.815(2) (1.827), C28–P3
1.814(3) (1.826), P1–P2 2.093(1) (2.111), P3–P2 2.091(1) (2.111); P3–P2–P1 87.2(4) (101.4). Middle: selected molecular orbitals of 9’+: LUMO
(�0.17 eV), HOMO (�0.24 eV), HOMO�4 (�0.32 eV). Right: EDA-NOCV results [kcalmol�1] for 9’+ (BP86/TZ2P +). Electronic configuration of
the fragments: P3

+ singlet, 2L’ singlet. [a] The percentage values in parentheses give the contribution to the total attractive interactions
DEelstat + DEorb. [b] Percentage values in parentheses give the contribution to the orbital interaction DEorb.

[9]
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pairs of electrons on the P atoms. An energy decomposition
analysis with natural orbitals for chemical valence (EDA-
NOCV)[20] was performed for 9’+, where P3

+ and 2L’ are taken
as interacting fragments. The dominant contribution (78.6%)
to the orbital interactions comes from the s-type donation
DEorb,s of the lone-pair donor orbitals of L into empty P3

+

orbitals via (+ / +) and (+ /�) combination L!P3
+ !L. The

other contributions, which are much less important, come
from in-plane and out-of-plane p-type back donation and
from delocalization of the lone pairs. The s donation of the
ligands nearly cancels the positive charge of the P3

+ fragment
in the molecule. The calculated NBO partial charge of the P3

moiety in 9’+ is + 0.10 e.
A reaction sequence explaining the [3+2]-fragmentation

of 6[GaCl4] to 8 and 9[GaCl4] on the basis of experimental
evidence and quantum chemical calculations is proposed in
Scheme 3.[9] The reaction of DippP5Cl+ cage 6+ with the first

equivalent L6 yields 7+ as experimentally observed species
(see above). The nucleophilic attack of a second carbene L6

occurs at the endo-substituted P atom of 7+ and initiates a P�P
bond cleavage in the P3 rings, yielding intermediate 10+. The
formation of 10+ is calculated to be weakly exergonic
(DGR

298 =�5.1 kcal mol�1). Subsequently, this intermediate
intramolecularly eliminates 8 to yield the elusive triphosphir-
ene derivate 11+ in an endergonic reaction (DGR

298 =

14.3 kcal mol�1), which however is energetically accessible.
Cation 11+ is related to B which constitutes the key
intermediate in carbene-induced P4 activation
(Scheme 1).[7,8] The nucleophilic attack of a third equivalent
of L6 on the P�P double bond of 11+ initiates a ring-opening,
yielding 9+. This final step is highly exergonic (DGR

298 =

�28.9 kcalmol�1) and provides the driving force for the
overall reaction.

In summary, the [3+2]-fragmentation of DippP5Cl+ cage
cation 6+ with three equivalents NHC L6 gives the P2 species 8
and the P3

+ species 9+. Cation 9+ is the first triphosphaallyl
derivate that is not stabilized in the coordination sphere of
a metal atom. The mechanism of the [3+2]-fragmentation was
elucidated and proceeds by the endo,exo-substituted butter-
fly-type cation 7+. The proposed reaction mechanism is
supported by quantum chemical calculations. The ease of this
reaction (high yields, multi-gram scale) together with the

facile accessibility of 6[GaCl4] from P4 renders 8 and 9+ as
potential precursors for a plethora of interesting subsequent
transformation reactions and may give access to new, hitherto
unknown polyphosphorus compounds.
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