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Summary: The η1-R-phosphinocarbene complex Cp(CO)2Mnd
CR(PHMes) (R ) Ph, Me) is generated by nucleophilic attack
of MesPH2 at the electrophilic center of the cationic Mn-carbyne
complex [Cp(CO)2MntCR]+, followed by deprotonation. One
of its identified isomerization pathways to η1-phosphaalkene
deriVatiVes is shown to be both base-catalyzed and stereose-
lectiVe, and to inVolVe a transient phosphidocarbene species
engaged in an acid-catalyzed migratory CO-insertion step.

Since the seminal finding by Fischer and Maasböl some 40
years ago,1 heteroatom-substituted transition-metal carbene
complexes have received considerable attention in light of their
broad application scope in organic synthesis.2 Though the case
of phosphino-substituted carbenes has been examined in detail,3,4

η1-R-phosphinocarbene complexes remain extremely scarce and
their reactivity virtually unexplored.5,6 Basically, there are only
two known synthetic routes to such complexes. The first one,
originally introduced by Fischer,5 consists of a direct nucleo-
philic attack of a phosphide reagent at the electrophilic carbyne
atom of a carbyne complex. The reaction of K[PMePh] with
[(CO)5WtCNEt2]+ was indeed found to give the carbene
complexes 1 (Scheme 1), albeit only in 3-4% yield. More

recently, Bertrand et al. proposed a second approach,6 consisting
of the elaboration of a stable R-phosphinocarbene ligand to be
subsequently reacted with a transition-metal complex. The
method was only applied to one ligand, namely, (iPr2N)2P(Ar)C:,
and was illustrated by the synthesis of 2. Clearly, the search
for a simple and general route to η1-R-phosphinocarbene
complexes remains an open area of investigation.

A literature survey reveals that simple tertiary phosphines
are prone to interact with the electrophilic carbon atom of
transition-metal carbyne complexes to give isolable R-phos-
phoniocarbene compounds.7 With these observations in mind,
we became interested in exploring the method disclosed in
Scheme 2, which is somewhat reminiscent of Fischer’s method
and proved to be efficient in the case of amines as nucleophiles
for the preparation of aminocarbene complexes.8 We envisioned
that secondary and even primary phosphines might constitute
ideal incoming nucleophiles NuH (Nu ) PR′R′′ , PHR′), offering
a convenient route to η1-R-phosphinocarbene complexes.

In a first set of experiments, the cationic carbyne manganese
complex [3a]BPh4

9 was treated with the secondary phosphines
HPPh2 and HP(NiPr2)2 at low temperature (Scheme 3). This led
to the formation of the green R-phosphoniocarbene adducts [4]+,
whose IR characteristics10 are very similar to those of the closely
related complex [Cp(CO)2MndC(Ph)PMe3]BCl4.7b Complex 4b
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was found to be stable at room temperature and was fully
characterized by NMR, highlighting its carbene nature.11

Addition of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to [4]+

at -80 °C induced the formation of an elusive species, which
appeared to be extremely thermolabile, evolving rapidly into
the η3-phosphinoketene complexes 5.

The structure of 5 was inferred from spectroscopic data and
confirmed by X-ray diffraction (see the Supporting Information).
Here the presence of a π-bound η3-phosphinoketene ligand could
be understood as the result of an intramolecular CO insertion
across the MndC bond12 of the elusive targeted η1-phosphi-
nocarbene complexes, concomitant with a coordination of the
pendant phosphine moiety.

In further attempts to intercept the η1-phosphinocarbene
complexes, the reaction was extended to a primary phosphine,
namely, MesPH2 (Mes ) 2,4,6-trimethylphenyl). Gratifyingly,
deprotonation of the transient phosphoniocarbene adduct [4c]+

appeared to be spontaneous, leading to the desired η1-phosphi-
nocarbene 6c. The parallel conversion of [4d]+, starting from
[3a]BCl4, into 6d was not spontaneous but could be completed
upon addition of NEt3.

Complexes 6c,d were fully characterized by spectroscopic
means,13 complemented for 6d by an X-ray diffraction study
(see Figure 1).14 The 31P{1H} NMR spectra for 6c,d show
signals at 18.9 and 10.1 ppm, respectively. Typical low-field
13C{1H} NMR resonances are observed for the carbene carbon
atoms (6c, δ 358.2 (d, 1JPC ) 75.5 Hz); 6d, δ 366.5 (d, 1JPC )
81 Hz)). The IR νCO stretching bands in 6 appear at frequencies
much higher than those of the corresponding bands in Mn

alkoxy- and aminocarbene complexes,15a in a domain one would
actually expect for non-heteroatom Mn complexes.15b This
indicates that the present R-phosphinocarbene ligand prototype
MesHP(R)C: is much less of an electron donor than common
alkoxy- and aminocarbene ligands. Here, the absence of typical
carbene stabilization is due to the lack of conjugation of the
phosphorus lone pair with the carbene moiety, fully consistent
with the occurrence of a pyramidal geometry around the
phosphorus atom (sum of bond angles around P1 303°). It is
noteworthy that the exactly opposite situation was encountered
in the case of Bertrand’s complexes 2, where the NMR and
X-ray data indicated a significant contribution of the betaine
σ-phosphavinyl form L2ClRh--(CAr)dP+(NiPr2)2.16

Very characteristically, the carbene 6c, which is relatively
stable in nonpolar solvents, evolves rapidly in THF, affording
the η3-phosphinoketene 5c17 (Scheme 4) as the main transfor-
mation product after 15 min at 25 °C (>95% by NMR). The
latter further transforms, albeit more slowly (ca. 36 h at 25 °C),
into the η1-(E)-phosphaalkene 7c. The carbene 6d undergoes
similar isomerization in THF solution, but the ketene intermedi-
ate 5d is by far less stable,18 giving 7d within ca. 1.5 h at 25
°C. The η1-phosphaalkene structure of 7 was established by
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Scheme 3

Figure 1. ORTEP drawing of 6d (ellipsoids set at the 50%
probability level). Selected bond lengths (Å) and angles (deg):
Mn1-C3, 1.859(2); C3-P1, 1.811(2); C3-C4, 1.521(3); P1-C21,
1.837(2); P1-H1, 1.33(3); Mn1-C3-C4, 124.9(2); Mn1-C3-P1,
124.8(1);C4-C3-P1,109.9(2);C3-P1-C21,108.0(1);C3-P1-H1,
101(1); C3-P1-H1, 94(1).
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NMR spectroscopy,19 and the E geometry of the PdC bond
was inferred from NOE experiments.

The observed rearrangement of the η1-R-phospinocarbene
ligand of 6 into an η1-phosphaalkene by a formal 1,2-hydrogen
shift is reminiscent of the NiPr2 group migration reported by
Bertrand in the case of complex 2 (L2 ) (CO)2; vide supra),
which was, however, nonstereoselective.6b In this respect, the
occurrence of the phosphinoketenes 5c,d as intermediates on
the stereoselective way to the final η1-phosphaalkene products
7 appeared to be rather puzzling to us. Keeping in mind that
closely related carbene-alkene rearrangements of Fischer-type
alkoxycarbene complexes of group 6 metals are base-cata-
lyzed,20 we examined the influence of a base on the isomer-
ization encountered here.

As shown below, such experiments led us to the tantalizing
observation of apparently adVerse effects of different bases on
the course of the reaction and the nature of intermediates.

In our first experiments, addition of a catalytic amount of
Et3N (ca. 15%) to a solution of 6c in CH2Cl2 at 25 °C resulted
in its faster and spectroscopically quantitative conversion into
5c, now within 2-3 min, whereas subsequent isomerization
into 7c required 3-4 h. This second step could be even more
efficiently accelerated upon addition of an excess of Et3N
(ca. 5 equiv, 5 min reaction time). In contrast, Et3N did not
affect the transformation of 6d under the same reaction
conditions. A stronger base, namely DBU, effectively led to
the immediate and quantitative isomerization of both 6c and
6d in CH2Cl2, affording the η1-phosphaalkene species 7 with
>99% E selectiVity.

To establish the origin of the high stereoselectivity of the
isomerization process and the unexpected role of CO insertion
in its course, we studied in detail the deprotonation of carbenes
6c,d. It was found that the reaction of 6c with nBuLi in THF at
-80 °C leads smoothly to the formation of a deep red anionic
species, [8c]-, which appeared to be stable at room temperature
for several hours. Its IR spectrum displays the three-band pattern
(IR (THF): 1882 (vs), 1811 (s), 1772 (s) cm-1 (νCO)) typical
for a dicarbonyl species of the type [Cp(CO)2M(L)]Li.21 Quite
surprisingly, the deprotonation of 6c with another base, tBuOLi,
led to the quantitative formation of the orange monocarbonyl

acyl anion (IR (THF): 1888 (s) cm-1 (νCO); 1620 (m) cm-1

(νCdO)) [9c]-, whose structure was unambiguously established
by 13C{1H} NMR spectroscopy, showing signals at δ 233.6 (br
s, MnsCO) and 267.6 (br s, CdO), along with the characteristic
signal of the carbon of the four-membered ring (δ 143.2 (d,
1JPC ) 60 Hz, PdC). Such data are in agreement with those
corresponding to the known neutral iron complex Cp(CO)-

Fe-C(O)C(R)dP-PR2 (R ) NiPr2), exhibiting the same
metallocyclic structure.22 Further experiments indicated that the
addition of traces of water to [8c]-, even at -80 °C, triggers
its instantaneous and quantitative conversion into [9c]-. On
another hand, parallel attempts to prepare the dicarbonyl anion
[8d]- from 6d and nBuLi under the same reaction conditions
led only to the quantitative formation of the monocarbonyl
species [9d]-, probably due to intrinsic existence of a proton
source, the relatively acidic methyl group of the carbene
ligand.23

The observation of an acid-catalyzed rearrangement of the
anionic dicarbonyl anions [8]- into the monocarbonyl acyl
derivatives [9]- can be rationalized in terms of the proposed
reaction sequence shown in Scheme 5, involving (i) a proto-
nation of [8]- by a proton sourceswater, tBuOH, or complex
6d itselfsgiving the elusive hydrido species 10, (ii) a fast
migratory CO-insertion of the σ-phosphaalkenyl fragment
concomitant with coordination of the phosphorus atom to
produce 11, and (iii) deprotonation of 11 by the remaining [8]-

to give [9]-.

The ease of the isomerization of 10 into 11 is understood in
terms of the enhanced electrophilicity of its carbonyl groups
resulting from a reduction of the negative charge on the metal
center upon protonation. This is reminiscent of earlier observa-
tions on the oxidative activation of the anionic acyl complex
[Cp′(CO)2Mn-C(O)Tol]- 24 or neutral σ-alkyl25 and σ-alkenyl26

transition-metal complexes toward migratory CO insertion.
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The protonation of [9]- by [Et3NH]Cl27 or NH4Claq leads to
the E-selective formation of 7, bearing evidence for the key
role of the monocarbonyl acyl anion [9]- in the base-catalyzed
isomerization. The observed E stereoselectivity may be attributed
to an external electrophilic attack of the outcoming proton at
the carbon of the phosphaalkene moiety with concomitant
deinsertion of the acyl. Let us remind the reader that the base-
catalyzed rearrangement of Fischer-type alkoxycarbene com-
plexes, for which the postulated mechanism naturally does not
involve CO insertion, shows a preferred Z selectivity for the
alkene.20 The results obtained for 6 indicate that the CO insertion
in the hydride 10 is kinetically preferred over reductive
elimination, which would induce the opposite selectivity.

In summary, we have developed a simple and efficient method
for the synthesis of transition-metal η1-R-phosphinocarbene
complexes by nucleophilic attack of primary or secondary
phosphines at an electrophilic carbyne center, followed by
deprotonation of the intermediate η1-R-phosphoniocarbene. This
led us to isolate the new species Cp(CO)2MndC(R)PHMes (R
) Me, Ph), representing the archetype of a η1-R-phosphinocar-
bene complex, and to trace precisely the elementary steps of

its subsequent stereoselective isomerization into η1-phosphaalk-
ene derivatives. Though such a transformation might have been
regarded as predictable, evidence was provided that its intimate
mechanism is not trivial and includes an acid-catalyzed migra-
tory CO insertion as the key C-C bond forming step. Beyond
the scope of the present work, we are convinced that such a
mechanistic pathway is of fundamental relevance and will be
possibly applicable to other types of anionic transition-metal
σ-complexes.
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(27) The mixture of ketene (5c or 5d) and phosphaalkene (7c or 7d)
complexes was observed during the reaction course, giving finally 7c or
7d in more than 97% E selectivity.
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