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Abstract: The reaction of [Cp’’’Ni(h3-P3)] (1) with in situ gen-

erated phosphenium ions [RR’P]+ yields the unprecedented
polyphosphorus cations of the type [Cp’’’Ni(h3-P4R2)][X] (R =

Ph (2 a), Mes (2 b), Cy (2 c), 2,2’-biphen (2 d), Me (2 e) ; [X]@=

[OTf]@ , [SbF6]@ , [GaCl4]@ , [BArF]@ , [TEF]@) and [Cp’’’Ni(h3-

P4RCl)][TEF] (R = Ph (2 f), tBu (2 g)). In the reaction of 1 with
[Br2P]+ , an analogous compound is observed only as an in-

termediate and the final product is an unexpected dinuclear
complex [{Cp’’’Ni}2(m,h3 :h1:h1-P4Br3)][TEF] (3 a). A similar prod-

uct [{Cp’’’Ni}2(m,h3 :h1:h1-P4(2,2’-biphen)Cl)][GaCl4] (3 b) is ob-

tained, when 2 d[GaCl4] is kept in solution for prolonged
times. Although the central structural motif of 2 a–g consists

of a “butterfly-like” folded P4 ring attached to a {Cp’’’Ni} frag-
ment, the structures of 3 a and 3 b exhibit a unique asym-
metrically substituted and distorted P4 chain stabilised by
two {Cp’’’Ni} fragments. Additional DFT calculations shed

light on the reaction pathway for the formation of 2 a–2 g
and the bonding situation in 3 a.

Introduction

The structural diversity observed in organic chemistry is im-

mense, and it is based on the high tendency of carbon to form
homoatomic bonds, owing to the high C@C single and multi-
ple bond energies.[1] Owing to its diagonal relationship to

carbon and the isolobality of CH fragments to P,[2] a similar
chemical behaviour is predicted for phosphorus. Thus, a broad

variety of anionic and neutral polyphosphorus compounds was
reported.[3] In contrast, the area of polyphosphorus cations is
still underdeveloped. Important efforts in view of the synthesis
of organosubstituted polyphosphorus cations were made by

the groups of Burford and Weigand, respectively, who were
able to isolate catenated[4] as well as ring-[5] and cage-type (I,
III)[6] polyphosphorus cations (Scheme 1), the latter represent-
ing mostly unsubstituted polyphosphorus moieties. The Kross-
ing group was able to extend these results by isolating halo-

gen-substituted cages (II),[7] and they even succeeded in dem-
onstrating the formation of the first homoleptic polyatomic

phosphorus cation (IV) in solution.[8] The syntheses of the cati-

ons I, II and III could be achieved by the reaction of P4 with

phosphenium cations [RR’P]+ , which have proven to be very

useful electrophiles for this purpose. Although donor-substitut-
ed derivatives of these heavy carbene analogues can be isolat-

ed,[9] phosphenium cations bearing alkyl, aryl or halogen sub-
stituents are too reactive[10] so that they can only be generated
in situ by the reaction of halogenophosphines with a suitable

halide-abstracting agent. A general reactivity pattern of these
phosphenium cations is their insertion into P@P bonds, afford-

ing expanded polyphosphorus structures.
On the other hand, polypnictogen units can also serve as li-

gands (En ligands; E = P, As, Sb, Bi) stabilised in the coordina-
tion sphere of transition metals. Reductive[11] and nucleophi-

lic[11e] functionalisations of these units have proven to be prom-
ising routes to obtain large polypnictogen frameworks. Fur-
thermore, initial studies on their oxidation chemistry revealed
the potential in the formation of larger cationic polypnictogen
structures.[11a, 12] Although the reaction of such complexes with

electrophilic pnictinidenes [Cp*E{W(CO)5}2] (E = P, As)[13] and the
condensation of an anionic bimetallic complex with halogeno-

Scheme 1. Left : Selected polyphosphorus cations (I, II and III) derived from
the reaction of P4 with suitable phosphenium ions. Middle: The first homo-
atomic polyphosphorus cation IV generated upon the reaction of P4 with
[NO][TEF]. Right: The starting compound 1, which is isolobal to P4.
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phosphines[14] lead to neutral En ring-expanded products, their
functionalisation with cationic electrophiles has been scarcely

explored. Examples of the latter are alkylation reactions of
[(L)Co(h3-P3)][15] or [(L)Rh(h1:h2-P4R)][16] (L = MeC(CH2PPh2)3). Fur-

thermore, it was shown only recently that derivatives of I can
be reacted with highly reduced metal units to yield cationic

polyphosphorus compounds.[17] An alternative approach, how-
ever, the reactivity of polyphosphorus complexes towards
phosphenium cations, has not been investigated so far. There-

fore, the question arises as to whether this would be a general
way to the synthesis of a large variety of novel cationic poly-

phosphorus frameworks. This way would open a huge variety
of functionalisation possibilities by the used phosphenium cat-
ions as well as afterwards by having introduced suitable func-
tional groups. Moreover, also the question as to a possible

mechanism between addition and insertion on the one hand
or the immediate insertion on the other came up. Inspired by
the results obtained on the electrophilic functionalisation of P4

by the Krossing group (see above), we envisioned the P4 isolo-
bal polyphosphorus complex [Cp’’’Ni(h3-P3)] (1, Cp’’’= 1,2,4-

tBu3C5H2)[11g,e] (Scheme 1) as a suitable starting material for
such investigations. Although the recently reported coordina-

tive transformation of derivatives of I is so far limited to P5R2

moieties,[17] our approach would allow for the preparation of
yet unknown cyclo-P4R2 units. Moreover, if we could demon-

strate this reactivity on 1 with success, this approach would
potentially open a general way to cationic polyphosphorus li-

gands of different sizes, as a large variety of polyphosphorus
ligand complexes already exists. Additionally, this approach

allows for the simple exchange of substituents in the final

products, if, for example, halogen substituents are present
and, therefore, the obtained compounds could serve as valu-

able starting materials in the preparation of novel functional-
ised polyphosphorus compounds.

Results and Discussion

When 1 is reacted with [Ph2P][OTf] (Ph = phenyl, [OTf]@=

[SO3CF3]@), in situ generated by the reaction of Tl[OTf] as the

halide-abstracting agent and Ph2PCl in o-DFB (1,2-difluoroben-
zene), a colour change from bright orange to dark red and the

formation of a white precipitate (TlCl) can be observed over
the course of 20 h. Upon workup and recrystallisation,

[Cp’’’Ni(h3-P4Ph2)][OTf] (2 a[OTf]) can be isolated in 63 % crystal-
line yield (Scheme 2).

As we had anticipated the halide-abstracting agent to have

a crucial impact on this reaction, we evaluated other com-
pounds applicable for this purpose. Performing the same reac-

tion in the presence of Ag[SbF6] , M[TEF] (M+ = Ag+ or Tl+ ,
[TEF]@= [Al(OC(CF3)3)4]@)[18] or [(Et3Si)2(m-H)][BArF][19] ([BArF]@=

[B(C6F5)4]@) yielded 2 a[X] ([X]@= [SbF6]@ , [TEF]@ , [BArF]@) in com-

parably lower yields (for details see the Supporting Informa-
tion). The exchange of these ionic halide-abstracting agents for

the neutral GaCl3, however, gave 2 a[GaCl4] in 71 % yield after
only 4 h of reaction. With these results in hand, we turned our

interest towards exchanging the Ph substituents at the phos-
phenium ion for other organic groups, by performing the reac-

tions either with GaCl3 or Tl[TEF] (enhanced stabilisation). Nota-

bly, replacing Ph2PCl with the sterically very demanding
tBu2PCl (tBu = tert-butyl) or the electronically deactivated

(Et2N)2PCl does not lead to any reaction with 1. Instead, using

Mes2PCl, Cy2PCl or (biphen)PCl (Mes = mesityl, Cy = cyclohexyl,
biphen = 2,2’-biphenyl) gives the products [Cp’’’Ni(h3-P4R2)][X]

(R = Mes (2 b : 53 % [X]@= [GaCl4]@ or 46 % [X]@= [TEF]@), Cy (2 c :
59/57 %); R2 = biphen (2 d : 70/55 %; [X]@= [GaCl4]@/[TEF]@)) in

moderate to good yields. When employing the highly reactive
Me2PCl, only the [TEF]@ salt is stable enough to isolate
[Cp’’’Ni(h3-P4Me2)][TEF] (2 e : 52 %). The insertion of multiple

[Ph2P]+ entities into 1 is not observed, not even when using
two or more equivalents of Ph2PCl and Tl[TEF]. Expanding the

scope of our approach, we replaced halogenophosphines with
dihalogenophosphines RPCl2. When 1 is reacted with the re-
spective dihalogenophosphine (PhPCl2 or tBuPCl2) under simi-
lar conditions, a colour change from bright orange to brownish

red and again the formation of a white precipitate (TlCl) are
observed. After workup, the products [Cp’’’Ni(h3-P4RCl)][TEF]
(R = Ph (2 f : 60 %), R = tBu (2 g : 50 %)) can be isolated as

brownish red powders. Although for 2 g the formation of a
single product is observed, NMR data (see below) suggest the

formation of two isomers of 2 f (Ph-substituent in endo/exo po-
sitions; see Figures S2 and S3 in the Supporting Information).

Furthermore, when we implemented PBr3 as the phosphenium

ion precursor, the expected [Cp’’’Ni(h3-P4Br2)]+ (2 h) was only
observed as an intermediate (see Figures S8–S10 in the Sup-

porting Information for the 31P{1H} NMR spectra), which cannot
be isolated. However, stirring the reaction mixture for three

days at room temperature leads to the formation of the dinu-
clear complex [{Cp’’’Ni}2(m,h3 :h1:h1-P4Br3)][TEF] (3 a, Scheme 2).

Scheme 2. Reaction of 1 with phosphenium and halogenophosphenium
ions: i) “[RR’P][X]” in situ generated from RR’PCl and Tl[TEF] (for other ab-
stracting agents, see the Supporting Information); ii) “[Br2P][TEF]” from PBr3

and Tl[TEF]; iii) “[biphenP][GaCl4]” from biphenPCl and GaCl3 with prolonged
reaction time (14 d); iv) GaCl3. a) All compounds 2 a–g were prepared as
their [TEF]@ salts and 2 a–d additionally as their [GaCl4]@ salts ; b) Isolated as
an isomeric mixture of 2 fendo/2 fexo = 7:1 with endo and exo referring to the
position of the Ph group at the folded P4 ring.
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The additional detection of P4 hints at a fragmentation path-
way for the formation of 3 a, which, after workup and crystal-

lisation, is isolated as dark-brown blocks in high yields (90 %,
based on 1). Intriguingly, we discovered that keeping

2 d[GaCl4] in o-DFB solution at room temperature for two

weeks yields a similar dinuclear complex [{Cp’’’Ni}2(m,h3 :h1:h1-
P4(biphen)Cl)][GaCl4] (3 b) in 74 % yield (based on 1). When we

tried to further increase the yield of reactions involving GaCl3

by varying the order of addition, we found that 1 also reacts

with GaCl3 alone in the absence of R2PCl. Investigating this
new reaction pattern revealed that the formation of the novel

triple-decker complex [{Cp’’’Ni}2(m,h3 :h3-P3)][GaCl4] (4) can be

achieved that way. To the best of our knowledge, 4 represents
the first cationic representative of a Ni/Ni triple-decker com-

plex with an h3 :h3-P3 middle deck. Thus, it completes the series
of previously reported anionic and neutral complexes

[{Cp’’’Ni}2(m,h3 :h3-P3)]@/0.[11e] Except for 2 b and 2 g, all obtained
products could be crystallised as their [GaCl4]@ (2 a, 2 c, 2 d) or
[TEF]@ (2 e, 2 f) salt, allowing their X-ray crystallographic charac-

terisation (Figure 1). For 2 f, only the endo-Ph (regarding the P4

ring) isomer could be characterised crystallographically. Addi-

tional solid-state structures of 2 a[X] ([X] = [OTf]@ , [SbF6]@ or
[TEF]@) hint at a negligible influence of the anion on the struc-
ture of 2 a (see Figures S12–S15 in the Supporting Informa-
tion). The central structural motif of 2 consists of a bent cyclo-

P4 unit, which is attached to a {Cp’’’Ni} fragment, carrying two
substituents at one of the P atoms. This structural motif arises
from the formal insertion of the corresponding phosphenium

cation into one of the P@P bonds of 1 and represents a rare
example of a ring expansion reaction from a strained three-

membered ring to a four-membered one.[5b, 20] The P@P bond
lengths in the P4 ring (2 a : 2.173(1)–2.194(2) a, 2 c : 2.174(1)–

2.195(1) a, 2 d : 2.162(1)–2.208(1) a, 2 e : 2.149(2)–2.195(2) a, 2 f :

2.146(1)–2.204(2) a) are all well within the range of P@P single
bonds,[21] and comparably shorter than found in I or III.[6a,b]

Along the lines of the latter, the shortest P@P bonds are those
involving the atom P1. These bond lengths are the shortest in

2 f (2.146(1)/2.147(1) a), increase according to the steric bulk of
the substituents (2 f<2 e<2 d<2 a<2 c) and are the longest

in 2 c (2.174(1)/2.183(1) a). A similar trend is not observed for
the dihedral angle P1-P2-P4-P3, which is the smallest in 2 e
(40.75(9)8) but the largest in 2 f (49.48(7)8). The former P@P
bond of 1 is clearly broken in these compounds, which is indi-

cated by the elongated P2@P4 distances (2 a : 3.028(5) a, 2 c :

3.020(1) a, 2 d : 3.044(2) a, 2 e : 3.031(3) a, 2 f : 3.078(1) a).[21, 22]

The solid-state structures of the cations 3 a and 3 b could be

established as their [TEF]@ and [GaCl4]@ salts, respectively
(Figure 2). The central structural motif within both cations is

the unprecedented, unsymmetrically substituted P4 chain,
which is coordinated to two {Cp’’’Ni} fragments. The structure

of these products can be formally described by the insertion of

a second {Cp’’’Ni} fragment into a P@P bond of the cations 2
and the addition of a halide substituent to the P4 unit. The P@
P bond lengths in 3 a (2.162(1)–2.223(1) a) and 3 b (2.144(2)–
2.239(2) a) match the expected values for P@P single bonds,[21]

where the longest ones are those between P1 and P2. Al-
though the Ni1@P bond lengths (3 a : 2.221(1)–2.269(1) a, 3 b :
2.217(1)–2.262(1) a) are close to the values found for the start-

ing material 1 (2.236(1)–2.246(1) a),[11e] the Ni2@P1/P4 distances
are comparably shorter (3 a : 2.104(1)–2.157(1) a, 3 b : 2.142(1)–
2.147(1) a). The formulation as a P4 chain is clearly manifested
in the large P1@P4 distances of 2.878(1) a and 2.919(2) a in 3 a
and 3 b, respectively.[21] With P3-P4-P2-P1 dihedral angles of

Figure 1. Solid-state structures of 2 a and 2 c–f. Hydrogen atoms (except Me in 2 e), solvent molecules (0.5 o-DFB (2 c), 0.4 n-hexane (2 d) and counter anions
([GaCl4]@ (2 a, 2 c, 2 d), [TEF]@ (2 e, 2 f)) are omitted for clarity and ADPs are drawn at the 50 % probability level. The cation denoted with Ni1 is displayed for
the structures of 2 d and 2 e, as the respective crystal structures contain five and four molar equivalents in the asymmetric unit, respectively.

Figure 2. Solid-state structures of the cations in 3 a, 3 b and 4. H atoms and
the counter anions are omitted for clarity ; ADPs are drawn at the 50 % prob-
ability level.
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135.30(6)8 (3 a) and 130.58(9)8 (3 b) the P1 atom is located
below the plane spanned by the other P atoms, and the halide

substituents are situated above that plane (P2-P4-P3-X =

163.09(5) (3 a), 162.14(8)8 (3 b)). The solid-state structure of 4
reveals an allylically distorted P3 ligand in-between two
{Cp’’’Ni} fragments (Figure 2). The P1@P2 (2.202(1) a) and P2@
P3 (2.198(1) a) bonds are within common P@P single bonds,[21]

whereas the P1@P3 (2.539(1) a) distance is clearly elongated.
The elongation of the P1@P3 distance is more pronounced

than in the neutral (2.398(1) a) and anionic (2.241(1) a) deriva-
tives of 4,[11e] with the anion showing a nearly triangular P3

ligand. Furthermore, the P1-P2-P3 angles in the anionic
(61.16(2)8) and neutral (66.60(2)8) derivatives[11e] are comparably

smaller than the one in 4 (70.48(5)8). According to DFT
calculations, the increasing allylic distortion going from the

anion [{Cp’’’Ni}2(m,h3 :h3-P3)]@ over the neutral species

[{Cp’’’Ni}2(m,h3 :h3-P3)] to the cation 4 is caused by the stepwise
depopulation of the HOMO of the anion, which has a large P@
P bonding contribution.[11e]

The 31P and 31P{1H} NMR spectra of the isolated product 2 in

CD2Cl2 show AA’MX (2 b, 2 d, 2 f), AMM’X (2 a, 2 e, 2 g) or
AMXX’ (2 c) spin systems (Figure 3), which are in agreement

with the cyclic P4R2 ligand found in these compounds. For 2 f,

an additional set of signals is found, as both isomers (endo-Ph
and exo-Ph) are present in a 7:1 ratio (see Figures S2 and S3 in

the Supporting Information). The chemical shifts of the signals
are found between d=@10 and 120 ppm (exact values are

provided in the Supporting Information) and their assignment
is simplified by additional P@H coupling of the signal corre-

sponding to the former phosphenium cation in the 31P NMR

spectrum. The 1JP–P coupling constants in 2 a–g (see the Sup-
porting Information) are slightly larger compared with the iso-

lobal I/III,[6a, b] and the varying sequence of signals (in addition
to electronic effects) may be attributed to similar “cross-ring

through space” interactions as reported for derivatives of III.[6b]

The 1H NMR spectrum of 3 a in CD2Cl2 shows five signals for

the tBu groups and four signals for the residual protons of the

Cp’’’ ligands, respectively. The 1H NMR spectrum of 3 b in
CD2Cl2 is similar but shows six signals for the tBu groups and

additional resonances for the 2,2’-biphen substituent. Thus, a
hindered rotation of the Cp’’’ ligands can be assumed in both

cases at ambient temperatures. The 31P NMR spectrum of 3 a in
CD2Cl2 reveals an AMNX spin system with signals at d=@1.1

(PX), 128.0 (PN), 134.2 (PM) and 182.0 (PA) ppm, which is consis-
tent with an asymmetric P4 chain. An unexpectedly large 2JP–P

coupling constant (281.7 Hz) of the P atoms at each end of the

chain may, however, hint at possible orbital interactions be-
tween those atoms in 3 a (see below). The 31P NMR spectra of
3 b in CD2Cl2 recorded at room temperature only reveal two
moderately resolved and two very broad resonances at d=

@31.9 (br), 80.6 (br), 84.1 and 146.6 ppm. Upon cooling to
@80 8C, these signals split into two separate, well-resolved sets

indicating the presence of two isomers, which we assume to

arise from a hindered rotation of the Cp’’’ ligands at this tem-
perature. Again, unusually high 2JP–P coupling constants are

found between the P atoms at each end of the chain for both
isomers (3 b1: 2JP–P = 108.2 Hz, 3 b2 : 2JP–P = 113.2 Hz). The
1H NMR spectrum of 4 in CD2Cl2 shows three signals consistent
with two symmetrical Cp’’’ ligands. Accordingly, its 31P NMR

spectrum reveals only one singlet at d = 139.3 ppm, which

does not change even upon cooling to @80 8C. Thus, we
assume a rapid dynamic behaviour for the allylic P3 ligand.

ESI(++) mass spectrometry studies on salts of the cations 2 a–
g reveal their high stability towards fragmentation, as the only

observed peaks are those attributed to the molecular cations
(m/z = 569.1 (2 a), 653.2 (2 b), 581.2 (2 c), 567.1 (2 d), 445.1 (2 e),

527.1 (2 f), 507.1 (2 g)). Only for 2 d[GaCl4] , a second peak at

m/z = 895.2 (3 b) is observed, which is in agreement with our
experimental finding of a (slow) fragmentation/rearrangement

process of 2 d. When isolated samples of 3 a or 3 b in o-DFB
are subjected to ESI(++) MS experiments, only the molecular

ion peaks are found (m/z = 947.0 (3 a), 895.2 (3 b)). The ESI(++)
mass spectrum of 4 also shows the molecular ion peak (m/z =

675.2).

To obtain insight into the formation of the cations 2, we car-
ried out DFT calculations (BP86/def2-TZVP, PCM solvent correc-
tion for CH2Cl2, see the Supporting Information for details) on
the model system consisting of [CpNi(h3-P3)] (1’) and [Me2P]+

(Figure 4). Although the crucial impact of the [GaCl4]@ anion on
the formation of the isolobal compounds III has been pointed

out for reactions involving GaCl3 as the halide-abstracting
agent,[6b] this seems unfeasible for reactions involving the
weakly coordinating [TEF]@ anion. Furthermore, investigations

of the solution chemistry of the PBr3/Ag[TEF] couple showed
that the formation of free phosphenium cations is unlikely,[23]

but, to our knowledge, similar reactivity has not been studied
for Tl+ . Thus, we assume the formation of a free phosphenium

cation ([Me2P]+) in the first step of the reaction. Compound 1’
reacts with [Me2P]+ in an exergonic reaction (DG298K =

@24.08 kcal mol@1) and without a transition state to yield the

intermediate I2 in which [Me2P]+ is coordinated to the cyclo-P3

ligand of 1’ in an h1 fashion. This reaction proceeds via TS2
(DG298K =@18.31 kcal mol@1, DDG*

298K =5.77 kcal mol@1) in which
the [Me2P]+ fragment is coordinated to one of the P@P bonds

Figure 3. 31P{1H} NMR spectra of isolated 2 a–g in CD2Cl2 recorded at 298 K
with signal assignment according to the colour code. The two sets of signals
observed for 2 f are labelled with 2 f1 and 2 f2, with the former being most
probably the endo-Ph isomer owing to steric reasons. * = unidentified minor
impurities.
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of 1’ and finally gives the product P2, which shows the com-
plete insertion of [Me2P]+ into the respective P@P bond. The

overall reaction is exergonic (DG298K =@42.26 kcal mol@1), which
is caused by the assumption of free [Me2P]+ being initially

formed.
Finally, we also investigated the electronic and bonding

properties of 3 a/b computationally (B3LYP/def2SVP, PCM sol-

vent correction for CH2Cl2). The observed geometric parame-
ters for 3 a and 3 b obtained from these calculations match

well with the experimental values, which corroborates the for-
mulation of the P4X3 ligands as chains. Furthermore, the

Wiberg Bond Indices (WBIs) for both compounds, obtained
from natural bond orbital (NBO) analyses, are in line with this
formulation (3 a : 0.87 (P1@P2), 1.12 (P2@P3), 1.04 (P3@P4); 3 b :

0.84 (P1@P2), 1.14 (P2@P3), 1.05 (P3@P4)). When we examined
the canonical frontier orbitals of 3 a, we found an allylic-type
interaction between P1, Ni2 and P4 within the HOMO-4 (see
Figure S24 in the Supporting Information for details). The com-

parably small but significant orbital contributions of both P1
(7 %) and P4 (6 %) may explain the large 2JP–P coupling constant

found in the 31P NMR spectra of 3 a and 3 b.

Conclusion

The reaction of 1 with a variety of phosphenium cations yields

numerous cationic polyphosphorus scaffolds, which are stabi-
lised by coordination to {Cp’’’Ni} moieties. Whereas the cat-

ions 2 contain novel P4R2 ligands, 3 a and 3 b display a P4X3

chain motif that is unprecedented to date. DFT calculations re-
vealed the reaction pathway leading to 2 as an addition/inser-

tion mechanism and gave insight into the electronic structure
of 3 a/b. Thus, we could show that the combination of phos-

phenium cations with polyphosphorus ligand complexes (such
as 1) is an additional possibility to design polyphosphorus cat-

ions of the desired size in a rational way. We demonstrate this
for the cyclo-P3 complex 1, and we expect our approach to be

transferrable to other polyphosphorus ligand complexes as
well. The presented simple synthetic route allows for large di-

versification regarding the substitution pattern of the product
by simply exchanging the phosphenium ion precursor. Al-

though the discussed reactivity is exemplified by the P3 ligand
complex 1, our approach should also be transferrable to other
neutral polyphosphorus and other polypnictogen ligand com-

plexes, and investigations in this direction are in progress. Fur-
thermore, the obtained products hold great potential for func-
tionalisations by reduction, nucleophilic functionalisation, or
displacement of the {Cp’’’Ni} fragments, paving the way for
even more elaborate substituted polyphosphorus compounds.
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