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Reactive Intermediates: A Transient Electrophilic Phosphinidene Caught in
the Act
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Phosphinidene complexes [LnM=P�R][1] are fascinating
reagents akin to the isoelectronic carbenes [LnM=CR2]

[2]

that have made a stunning impact on the preparative and in-
dustrial scale syntheses of small molecules and polymeric
materials. It is tempting to extend the relationship for low-
valent species that is based on the similar electronegativities
of the element phosphorus and the diagonally related
carbon to these transition-metal complexes.[3] It has already
been established that phosphinidene complexes can be clas-
sified as electrophilic (Fischer-type) or nucleophilic
(Schrock-type) at phosphorus depending on the nature of
the ligands L;[4] electron-withdrawing ligands with strong p-
acceptor capacity (e.g., CO) reduce the charge concentra-
tion on the phosphorus atom and therefore enhance its elec-
trophilicity, whereas strong s-donor ligands (e.g., Cp) in-
crease the electron density at phosphorus and thereby in-
crease its nucleophilic properties. Proper characterisation of
these complexes assists in understanding their chemical po-
tential.

A growing number of nucleophilic phosphinidene com-
plexes, many of the type [Cp2(L)M=PR],[1,5] have already
been isolated and characterised by X-ray crystallography, as
have cationic ones, like [Cp*(CO)2Fe=PNiPr2]ACHTUNGTRENNUNG[AlCl4],[6]

bearing Cp* and CO ligands. Yet, there is still no direct ob-
servation of the electrophilic phosphinidene complex [R�P=

W(CO)5], bearing only CO ligands. This transient, purport-
edly obtained by thermal expulsion from precursors like 7-
phosphanorbornadiene (A)[7] and 3H-3-benzophosphepine
(B),[8] has been inferred from trapping reactions,[9] such as

concerted [1+2] cycloadditions and insertions into s-bonds,
giving access to diverse organophosphorus compounds.[1,10]

Whereas [R�P=W(CO)5] reportedly has been observed in
acetonitrile,[11] phosphinidene complexes are also known to
give tight complexes or ylides with this solvent.[12] Hence,
while the reactivity studies may be compelling, it has been
pointed out that ”… in almost every case, it is possible to
conceive alternative mechanisms, which do not involve
phosphinidenes”.[13] The present study aims to remove this
uncertainty. We now report on the detection of [R�P=

W(CO)5] using electrospray ionisation tandem mass spec-
trometry (ESI-MS/MS)[14] and demonstrate that its chemical
behaviour in the gas phase is indistinguishable from that ob-
served in the condensed phase.

Detection of phosphinidenes by mass spectrometry neces-
sitates the presence of a charged group, but one that demon-
strably and verifiably has no influence on the chemical be-
haviour of the reactive phosphorus centre. To accomplish
this, we modified benzophosphepine complex 1 by incorpo-
rating the cationic substituent NMe3

+ and examined its
properties and reactivity (Scheme 1). The desired trimethyl-
ammonium salt 1 a was obtained by methyl triflate treat-
ment of its p-N,N-dimethylaminophenyl analogue
(31P NMR: d=�14.8 ppm; 13C NMR: d=128.8 ppm, 1J-ACHTUNGTRENNUNG(C,P)= 37 Hz, PCH), which was synthesised by double hy-
drophosphination of the corresponding primary phosphine
and 1,2-diethynylbenzene.[8,15] Comparison of the NMR
spectroscopic data of 1 a (31P NMR: d=�21.0 ppm, 1J-

[a] H. Jansen, M. C. Samuels, Dr. J. C. Slootweg, Dr. A. W. Ehlers,
Prof. Dr. K. Lammertsma
Department of Organic and Inorganic Chemistry
Faculty of Sciences, VU University Amsterdam
De Boelelaan 1083, 1081 HV, Amsterdam (The Netherlands)
Fax: (+31) 20-5987488
E-mail : K.Lammertsma@few.vu.nl

[b] Dr. E. P. A. Couzijn, Prof. Dr. P. Chen
Laboratorium f�r Organische Chemie, ETH Z�rich
Wolfgang-Pauli-Strasse 10, 8093, Z�rich (Switzerland)
Fax: (+41) 44-632-21280
E-mail : Peter.Chen@org.chem.ethz.ch

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902715.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 1454 – 14581454



ACHTUNGTRENNUNG(P,W)= 252 Hz; 13C NMR: d= 126.7 ppm, 1J ACHTUNGTRENNUNG(C,P)= 37 Hz,
PCH) with those of benchmark 1 b (R=H; 31P NMR: d=

�14.8 ppm, 1J ACHTUNGTRENNUNG(P,W)=238 Hz; 13C NMR: d=127.6 ppm, 1J-ACHTUNGTRENNUNG(C,P)= 36 Hz, PCH) suggests a minor influence of the cat-
ionic label on the electronic properties of the phosphorus
atom.

Expulsion of [R�C6H4�P=W(CO)5] (3) from its precursor
1 appears not to be affected by the cationic label. DFT cal-
culations at B3PW91/6-311+ GACHTUNGTRENNUNG(d,p) (LANL2DZ for
W)[15,16] give virtually identical barriers for the rate-deter-
mining rearrangement of charged 1 a and neutral 1 b to
phosphanorcaradiene 2 of 27.4 and 26.5 kcal mol�1, respec-
tively (Figure 1). Subsequent fragmentation by [1+2] retro-
addition into naphthalene and phosphinidene 3 is exother-
mic and barrierless[17] for both (2 a!3 a : DE=�4.6, 2 b!
3 b : �7.7 kcal mol�1). In addition, the HOMO–LUMO gap
of the transient phosphinidenes 3 remains unaffected (3 a :
DE(HOMO�LUMO) =2.261 eV, 3 b : 2.259 eV; Figure 1).[18]

To probe whether the cationic label influences the reactiv-
ity of benzophosphepine 1, two benchmark phosphinidene
reactions (insertion and addition)[10] were conducted in the
condensed phase (Scheme 2). The exclusive methanol O�H
bond insertion yielding 4 a (31P NMR: d= 102.7 ppm, 1J-ACHTUNGTRENNUNG(P,H)=351 Hz)[19] and the quantitative [1+2] cycloaddition
to 1,4-dimethoxy-2-butyne affording solely the three-mem-
bered phosphirene 5 a (31P NMR: d=�146.3 ppm) are simi-
lar to those observed for unlabeled 1 b. Thus, assuming that
the phosphinidene complex is fully expelled from its precur-
sor, cationic [Me3NC6H4�P=W(CO)5]

+ (3 a) and neutral 3 b
have comparable reactivities.

Next, we set out to demonstrate the existence of transient
electrophilic phosphinidene 3 a as a distinct entity and to ex-
amine its chemical reactivity. For this we resorted to gas-
phase ion-molecule chemistry using ESI-MS/MS,[14] a meth-
odology that is ideally suited for mechanistic studies provid-
ing qualitative guidance to solution-phase reactions. The
first step was to bring the precursor ion unperturbed into
the gas phase. Introducing a solution of benzophosphepine
1 a in dichloromethane into a Finnigan TSQ Quantum mass
spectrometer by means of ESI indeed showed the charged
precursor as sole species in good intensity (m/z : 618) with
an excellent agreement between the observed and calculated
isotope patterns (Figure 2 A).[15] When we subjected this ion
to collision-induced dissociation (CID) with argon (Fig-
ure 2 B) it underwent loss of 128 amu (naphthalene) to gen-
erate a species with a mass (m/z : 490) and an isotope pat-
tern that is consistent with the formation of [Me3NC6H4�P=

W(CO)5]
+ (3 a ; Scheme 1). The only other dissociation ob-

served was the subsequent loss of CO (e.g., m/z : 434
[3 a�2 CO]; Figure 2 B), which is typical for metal–carbonyl
complexes.[20]

Scheme 1. Fragmentation of 3H-benzophosphepines 1.

Figure 1. Relative B3PW91/6-311 + G ACHTUNGTRENNUNG(d,p) (LANL2DZ for W) energies
(ZPE corrected, in kcal mol�1) for the rearrangement of 1 a,b to phospha-
norcaradiene 2 a,b, and subsequent phosphinidene loss (3a,b). Selected
bond lengths [�], angles, and torsion angles [8] for 1a (values for the
neutral analogues b are given in parentheses): P1�C1,2 1.808 (1.814),
C1�C2 2.847 (2.816); TS1 a-2a : P1�C1,2 1.825 (1.820), C1�C2 1.952
(1.941); 2a : P1�C1,2 1.915 (1.887), C1�C2 1.512 (1.528); 3 a : P1�C1
1.808 (1.833), P1�W1 2.393 (2.430); C1-P1-W1 113.5 (117.7), C2-C1-P1-
W1 49.9 (0.0).

Scheme 2. Insertion and addition reactions of transient phosphinidene
[Me3NC6H4�P=W(CO)5]

+ (3 a).
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Having detected a mass that corresponds to phosphini-
dene 3 a,[21] our next move was to probe its reactivity in the
gas phase using a modified Finnigan Mat TSQ-700, the orig-
inal transfer octopole of which was replaced with a long 24-
pole ion guide for thermalisation of the ions with a buffer
gas.[22] Under proper spraying conditions, benzophosphepine
1 a could again be converted to presumably complex 3 a with
CO loss as the only observable side reaction. Upon addition
of 10 mTorr of propene as both buffer gas and trapping
agent, full conversion to the expected adduct 6 a was ob-

served (m/z : 532; Figure 3 A) indicating that indeed phos-
phinidene [Me3NC6H4�P=W(CO)5]

+ (3 a) had been ob-
served. In a control experiment, 3 a was thermalised with
argon buffer gas, mass-selected and then reacted in the colli-
sion octopole with 500 mTorr propene to afford the same
[1+ 2] adduct. In this experiment, 6 a was formed at ex-
tremely soft collision offset (�3 V), suggesting an effectively
barrierless addition, which is in full agreement with the an-
ticipated reactivity of the electrophilic phosphinidene com-
plex.[17] Similar results but with lower efficiencies were ob-

Figure 3. Top: Thermalisation of 3 a with A) 10 mTorr propene, and B) 10 mTorr 1,4-dioxene. The insets show the calculated (red bars) and experimental
isotope patterns of adducts 6a and 7a. Bottom: Collison-induced dissociation of C) 6 a with 70 mTorr argon at �60 V collision offset, and D) 7a with
100 mTorr argon at �25 V collision offset. The signals marked with a * are all dissociation products due to CO loss.

Figure 2. A) ESI MS spectrum of 1a, and B) spectrum upon collision-induced dissociation with 1.5 mTorr argon at �12 V collision offset. The insets
show the calculated (red bars) and experimental isotope patterns of 1a and 3 a. The signals marked with a * are all dissociation products due to CO loss.
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tained with ethylene either as buffer or as collision gas (see
the Supporting Information), and with 1,4-dioxene to yield
phosphirane 7 a (Figure 3 B).

The ESI-MS/MS experiments also offer insight into the
stability of the three-membered reaction products, which
may either undergo decomplexation of the transition-metal
group to afford unique phosphirane ligands[23] or serve as
precursors to phosphinidenes by [1+ 2] retroaddition.[24]

CID of mass-selected propene adduct 6 a with 70 mTorr
argon caused complete loss of the W(CO)5 unit to render
metal-free phosphirane 8 a (Figure 3 C), thereby simultane-
ously confirming that 6 a is not a loosely bound ion–mole-
cule complex. On the other hand, CID of bicyclic 7 a with
argon gas led exclusively to regeneration of phosphinidene
3 a by elimination of 1,4-dioxene (Figure 3 D). These obser-
vations are supported by B3PW91/6-311+GACHTUNGTRENNUNG(d,p) calcula-
tions (LANL2DZ for W)[15,16] that indicate a much higher
endothermicity for propene dissociation from 6 a (36.0 kcal
mol�1) than liberation of 1,4-dioxene from 7 a (22.0 kcal
mol�1), but an equally demanding demetalation of W(CO)5

from the PCC rings (6 a : DE= 34.0, 7 a : 36.4 kcal mol�1). Evi-
dently, the energy required for [1+ 2] retroaddition is
strongly dependent on the ring substituents, just as the
metal[25] and phosphorus substituents[24] can influence this
process, thereby pointing to new opportunities for the devel-
opment of efficient phosphinidene precursors.

In summary, the transient electrophilic phosphinidene
complex [R�P=W(CO)5], carrying a cationic p-trimethylam-
moniumphenyl substituent, was detected by gas-phase mass
spectrometric experiments and was shown to give [1+2] cy-
cloadducts with olefins. These observations, supported by
density functional calculations and solution-phase bench-
marking, give credence to the claimed intermediacy of neu-
tral phosphinidene complexes involved in the synthesis of
numerous organophosphorus compounds. The gas-phase
studies further illustrate that W(CO)5-complexed PCC-rings
can undergo demetalation or [1+ 2] retroaddition depending
on the nature of the phosphirane ring and its substituents,
which expands the chemistry of low-valent phosphorus inter-
mediates.
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