Available online at www.sciencedirect.com

SCIENCE‘CﬁDIRECT®

Journal of Organometallic Chemistry 690 (2005) 5517-5524

orch!

metallic
Chemistry

ELSEVIER

www.elsevier.com/locate/jorganchem

Toward the catalytic synthesis of phosphiranes.
A computational study

T.P.M. Goumans, Andreas W. Ehlers, Koop Lammertsma *

Department of Organic and Inorganic Chemistry, Faculty of Sciences, Vrije Universiteit, De Boelelaan 1083, NL-1081 HYV,
Amsterdam, The Netherlands

Received 22 April 2005; accepted 17 May 2005
Available online 11 October 2005

Abstract

Reaction pathways for the formation of zirconocene phosphinidene complex Cp,Zr(PR3;)=PR from Cp,ZrCl, and LiH and
LiPRH and its reactivity to 1,2-dichloroethane are explored with density functional theory using model structures that are devoid
of substituents. After the initial Cp,Zr(CI)PH, is generated with LiPH, reaction with LiH is likely to eliminate HCl in a single step to
give directly the 16-electron complex Cp,Zr=PH, which is stabilized by the PH; phosphine ligand. The intermediate formation of a
phosphine hydride complex, Cp,Zr(H)PH, resulting from hydride substitution, is unlikely both on the basis of unfavorable reaction
energies and calculated *'P NMR chemical shifts that indicate that such a species cannot have been observed experimentally. It is
likely that a diphosphine complex, Cp,Zr(PH,),, results on using an excess of the lithium phosphide, which on H-transfer gives
directly the phosphine-stabilized phosphinidene complex. The reactivity of this species is dominated by the release of its stabilizing
phosphine ligand to give a highly reactive 16-electron phosphinidene complex, Cp,Zr=PH, which reacts with 1,2-dichloroethane
after coordination to one of the chlorine atoms in two asynchronous metathesis steps to the three-membered phosphirane ring.
In this process, ZrCl, is reformed enabling its recycling to regenerate the phosphinidene complex. This study highlights the special
reactivity of the 16-electron Cp,Zr=PH and suggests that related complexes may be generated similarly, thereby expanding the
synthetic potential of these nucleophilic reagents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Transition metal complexed phosphinidenes are ver-
satile reagents [1]. Their properties parallel those of the
carbenes [2], and likewise [3] they can be classified
according to their reactivity as electrophilic (Fischer-
type) [4] or nucleophilic (Schrock-type) [5], yet their
chemistry is still much less developed. The electrophilic
phosphinidenes are transient reactive intermediates that
are generated in situ by cheletropic elimination from 7-
phosphanorbornadiene [6] or phosphirane [7] in the pres-
ence of an electron-rich trapping reagent such as an al-
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kene, alkyne, carbonyl, imide, alcohol, or amine [1].
Recently, the group of Carty reported stable phosphinid-
ene cations ([L,M=PR]") that are isolable [8]. Most neu-
tral nucleophilic phosphinidene complexes are also stable
and crystalline. One actinide and several early transition
metal phosphinidene complexes have been prepared
since the early 1980s [9,10], while those with late transi-
tion metal groups are of more recent vintage [11]. Their
reactivity, which differs distinctly from those that are
electrophilic, has hardly been explored [1-3,12].

Only zirconium phosphinidene complex 1, developed
by Stephan and coworkers, has been studied in some de-
tail [10]. The oxo- and halophilicity of the zirconium metal
combined with the nucleophilicity of the phosphorus
atom makes this complex reactive toward carbon—oxygen
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and carbon-halogen bonds to yield phosphaalkenes and
phosphorus heterocycles (Scheme 1) [10]. The active spe-
cies is assumed to be the 16-electron phosphinidene
Cp,Zr=PMes* that is formed upon dissociation of the la-
bile trimethylphosphine ligand [10,11c].

Most nucleophilic 18-electron phosphinidene com-
plexes are less reactive than 1 due to their protecting
bulky ligands and substituents, and the high dissociation
energy for the stabilizing two-electron o-donor ligand
[11c]. In those cases where the stabilizing ligand is ab-
sent, dimers of the l6-electron species are obtained
[11d,13]. So far, the computational studies focused on
the electronic structure and properties of the nucleo-
philic phosphinidene complexes [2,11,14] and less on
their reactivity, which is part of this study.

Stephan’s phosphinidene 1 can be formed from
Cp,ZrCl, by reaction with (a) lithium phosphide to form
intermediate 3 through exchange of CI for PHR fol-
lowed by elimination of HCl with KH (pathways A
and B, Scheme 2) or (b) with an excess of lithium phos-
phide to replace the chloride of 3 with subsequent ex-
change of PH,R for PR3 (pathways C and D, Scheme
2). For neither route could the intermediate formation
of the l6-electron phosphinidene complex 6 be con-
firmed experimentally. The only intermediate detected
by *'P NMR spectroscopy was zirconium diphosphide
complex (5, 6 51.6 ppm) when two equivalents of lithium
phosphide were used [15]. This diphosphide may under-
go intramolecular H-transfer (a) to phosphine-stabilized
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Scheme 1. Reactivity of zirconium phosphinidene (1) toward C-Cl
and C=O0 bonds.

phosphinidene 1* followed by trimethylphosphine li-
gand exchange to give 1 (pathway D) or (b) eliminate
the ancillary primary phosphine ligand (PH,R) first to
form the intermediate 16-electron phosphinidene com-
plex 6 (pathway C). For the reaction of Cp,ZrCl, with
lithium phosphide and potassium hydride a metallohy-
dride intermediate (4) has been postulated [10f], based
on NMR-data of the reaction of Cp,ZrCl, with magne-
sium in the presence of a primary phosphine and KH
[16]. Metallohydride intermediate 4 is then presumed
to loose H, to form phosphinidene 1 upon stabilization
of 6 with trimethylphosphine. Alternatively, KH may
dehydrohalogenate chlorophosphide complex 3, as
experimentally observed for later transition metal com-
plexes [11b,11¢,11d,11e]. With density functional theory
we will differentiate between the reaction pathways de-
picted in Scheme 2.

We further explore the reaction of 1 toward 1,2-
dichloroethane that gives phosphirane and zirconocene
dichloride 2. A chloride phosphide intermediate (8)
was postulated for this reaction (Scheme 3) [10f], but
the mechanism is unknown. We will evaluate the two
transformations for the two simultaneous bond-break-
ing and bond-forming (o-metathesis) steps, that is,
7 — 8 and 8 — 2 + phosphirane.

2. Computational details

All DFT calculations have been performed with the
parallelized ADF suite of programs, release 2002.03
[17]. Geometry optimizations were carried out with the
generalized gradient approximation, using non-local
corrections to exchange by Becke [18] and to correlation
by Perdew [19] (BP86), including relativistic effects with
the Zeroth Order Regular Approximation (ZORA) [20].
The Kohn—Sham MOs were expanded in a large, uncon-
tracted basis set of Slater-type orbitals (STOs), of a tri-
ple-C + polarization functions quality (ADF basis set IV
or TZP), within the frozen-core approximation using a
small core for Zr. An auxiliary set of STOs was used
to fit the density for the Coulomb-type integrals [17a].
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Scheme 2. Pathways for the synthesis of zirconium phosphinidene (1).
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Scheme 3. Formation of phosphirane from zirconium phosphinidene complex 1 and 1,2-dichloroethane.

The nature of the two oc-metathetical transition states
(TSs) of the zirconium model complexes was confirmed
by the presence of only one imaginary frequency, using
B3LYP with a 6-31G* (C, P, H, CI) basis set and the rel-
ativistic LANL2DZ pseudopotentials and basis set for
Zr [21], employing the GaussiaN 03 suite of programs
[22]. For all model complexes considered in this study,
Intrinsic Reaction Coordinate (IRC) paths were deter-
mined with the ADF program from the approximate
Hessian [23] of the optimized transition structures, con-
firming the connection between the product(s) and the
reactant. Solvent effects were estimated by optimizing
the geometry within the Conductor-like Screening Model
(COSMO) [24,25] with a dielectric constant of ¢ =4.3
(diethyl ether). Atomic charges are computed with the
Voronoi Deformation Density method, which provides
basis-set independent, chemically meaningful charges
[17d,26].

3'P NMR calculations are calculated with ADF’s
NMR program [27], using single-point calculations with
an all-electron basis for P within the ZOR A-approxima-
tion on the optimized frozen core structures (vide su-
pra), using PMe; as a computational reference for the
isotropic shielding (6 —62 ppm with respect to 85%
H;POy).

3. Results and discussion

The DFT calculations were performed on model zir-
conium complexes 1’-8', the prime indicating that all the
phosphorus substituents are replaced for hydrogen
atoms. Instead of KH we use LiH as a base for the dehy-
drohalogenation (3’ — (4'—) 6'). First, we compare the
DFT-computed structures of phosphinidene complex

Table 1

1’, zirconocene dichloride 2, zirconocene chloride phos-
phide 3’, and zirconocene diphosphide 5’ with available
X-ray crystal structure data. Next, we discuss the differ-
ent reaction pathways from zirconocene dichloride 2 to
phosphinidene 1’. Finally, we explore the phosphinid-
ene’s reactivity toward 1,2-dichloroethane.

3.1. Structures

The calculated bond distances and angles of the
model structures 1/, 2, 3/, and 5’ are listed in Table 1
together with the reported crystal structure data for
Cpa2(PMe3)Zr=PMes* (1) [10d], Cp,ZrCl, (2) [28],
Cp,ClZr(PHDmp) (3-Dmp, Dmp = 2,6-Mes,Ph) [29],
and Cp,Zr(PMes;), (5-Mes*) [30].

The DFT calculated bond distances are in good
agreement with the experimental ones. For those be-
tween the Zr metal atom and the center of the cyclopen-
tadienyl ring (Zr-Cp) they are slightly longer than in the
crystal. This overestimation of M-Cp bond distances by
DFT has been observed before [31]. The largest devia-
tion (0.07 A) is found for the Zr-P bond distance of
chlorophosphide 3. It is known for zirconocene and
hafnocene (IV) monophosphide complexes that the
M-P (M = metal) bond distance is sensitive to the size
of the phosphorus substituent. For instance, Prot-
asiewicz et al. [29]. found the Zr-P bond distance of
2.543 A for 3-Mes* [10¢] to be almost 0.1 A longer than
in 3-Dmp (2.639 A). This was attributed to the compet-
ing p-donation of the phosphorus lone pair to complete
the Zr 18-electron shell and the reluctance of phospho-
rus to planarize (Scheme 4). Thus, the Zr-P distance is
shorter with a more planar phosphorus atom (sum of
angles), which is the case with more bulky substituents.
The large Zr—P bond distance (2.710 A) and small sum

Calculated and experimental distances (A) and angles (°) for 10, 2, 8, and 502

Bond 1/ (1) [10d] 2 (2) 28] 3’ (3-Dmp) [29] 5’ (5-Mes*) [30]
Zr—Cl - 2.458 (2.447)° 2.449 (2.449) -

Zr-Cp 2.251° (NA) 2.263 (2.202)° 2.256° (2.193)° 2.246° (2.214)°
Zr=P 2.505 (2.500) - - -

Zr-P 2.682 (2.741) - 2.710 (2.639) 2.680° (2.682)°
Cp-Zr-Cp 138.13 (NA) 129.48 (129.51)° 131.16 (131.49) 135.88 (131.07)
Cl-Zr-Cl - 100.59 (97.05)° - -

P-Zr-P 102.15 (97.84)

81.39 (101.4) -

Cl-Zr-P

95.15 (97.02) -

@ Experimental values are in parentheses.
® Average of similar values.
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Scheme 4. Competing electronic configurations in zirconocene
phosphides.

of phosphorus angles (295.0°) for model complex 3’
(having H-substituents only) is in agreement with this
notion. Hence, it is no surprise that the calculated geom-
etry of 3’ deviates slightly from the experimental ones.
Using hybrid-DFT calculations Protasiewicz and co-
workers [29] estimated that planarization of 3’ would re-
quire 6.8 kcal/mol.

Like 3 the influence of the phosphide groups is also
apparent in 5. The two Zr-P bonds are of equal lengths
(ca. 2.68 A) for both 5’ and 5-Mes* with similar non-
planar phosphorus atoms for model 5 (2 290 and
311), but with a nearly flat one for 5-Mes* (2 302 and
356). We assume this difference to be due to inaccuracies
in the X-ray crystal structure of 5-Mes* where the H-
atoms occupy calculated positions. However, hafnocene
[32] and zirconocene diphosphides [33] with other sub-
stituents like 5-Dmp [29] are reported to have one short
M-P bond with a planar phosphorus (Zr: 2.519 Az
357) and one long bond with a bent phosphorus (Zr:
2.725 A, X 302).

Whereas the calculated Zr bond angles for all models
compare well with the experimental structures, the cal-
culated P=Zr—P bond angle of model phosphinidene
complex 1’ (81.4°) is a surprising 20° smaller than the
experimental one. We attribute this to the absence of
steric bulk in the model structure (H instead of mesityl
and methyl groups). Also the rather long 2.682 A Zr-P
bond for the stabilizing phosphine group (PMe;) in 1’
(versus 2.741 A in 1) reflects this effect and suggests
the ligand to be weakly bound to the metal center.

3.2. Formation of zirconocene phosphinidene complex 1’

The first step in the synthesis is the phosphide substi-
tution of zirconocene dichloride to 3, which is exo-
thermic by 9.4 kcal/mol and slightly more with the
Et,O-solvent model (13.5 kcal/mol). As discussed above,
there are different paths from this intermediate to the
phosphinidene complex. Table 2 gives the reaction ener-
gies for each of the steps. The minor influence of Et,O as

solvent is included in this table. Where used in the text
these values are given in parentheses.

We start by exploring the dehydrohalogenation with
LiH. The formal elimination of HCI (as LiCl and H,)
to give 6’ can occur as a one (Scheme 3, path B) or
two-step (path A) process that is slightly endothermic
by 6.6 (4.5) kcal/mol, but, of course, is entropy driven
by the release of hydrogen. Subsequent complexation
with PHj3 to give 1’ gives 22.8 kcal/mol stabilization.

If reaction of 3’ with LiH results in hydride substitu-
tion (and elimination of LiCl), zirconium hydride inter-
mediate 4’ should be formed, which is 20.1 kcal/mol
exothermic. Consequently, the subsequent elimination
of hydrogen is endothermic by 26.7 kcal/mol. Stephan
and coworkers [10e,10f] has suggested that the reaction
with potassium hydride proceeds in such a stepwise
manner based on an observed *'P NMR resonance
at 379 ppm in the reaction of Cp,ZrCl, with Mg
and cyclohexylphosphine that was attributed to
Cp,Zr(H)(PHCy) [16] because of its similarity with
analogous hafnium hydride complexes (6 30.5-
96.3 ppm). Hillhouse and coworkers preferred instead
a single step process for the KH promoted dehydrohalo-
genation of Zr and Hf complexes [34]. This path B
finds support in the known synthesis of late transition
metals complexes via a dehydrohalogenation pathway
[11b,11c,11d,11e].

The argument for the occurrence of 4 is thus based on
an observed chemical shift, which we examine now in
more detail. Hafnium phosphide hydride complexes of
type 4 have low-field *'P NMR-chemical shifts com-
pared to the phosphide chloride complexes of type 3
[34]. When this trend is extended to zirconium com-
plexes, the *'P NMR nuclei for 4-cyclohexyl should be
deshielded as compared to 71.1 ppm for 3-cyclohexyl
[34], which is in contrast to the reported high-field reso-
nance at 37.9 ppm for 4-cyclohexyl. To further elaborate
this point we calculated the *'P NMR chemical shifts of
both 3-Pr (6 —28 (Hf), 3 (Zr), ppm) and 4-"Pr (5 80 (Hf),
108 (Zr) ppm), which indeed confirm the low-field
resonance for 4 with respect to that of 3. Even though
substituents may influence the pyramidalization at phos-
phorus and thus the *'P NMR chemical shift [29], it
seems unlikely that 4-cyclohexyl has been detected. This
may lead to the conclusion that KH simply acts as a
base in the dehydrohalogenation reaction 3 — 6 (path-
way B, Scheme 2).

Finally, using an excess of lithium phosphide, instead
of LiH (or KH), might give intermediate 5’ through a

Table 2
Energies (in kcal/mol) for the reaction steps in the formation of 1’

23 3 =4 4 -6 3 =6 3 =5 5 =1 5 -6 6 —1'
E -94 —20.1 26.7 6.6 -9.2 9.7 32.5 —22.8
E(Et,0) —13.5 —-20.7 25.2 4.5 —13.1 6.4 30.1 —23.8
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second halide—phosphide exchange (3’ — 5’) that is sim-
ilarly exothermic (9.2 (13.1) kcal/mol) as the first one.
Intramolecular H-transfer would then yield phosphine-
stabilized phosphinidene 1’ endothermically (9.7 kcal/
mol) with a barrier of 31.6 kcal/mol (path D). Expulsion
of the phosphine (PH;3) group to give the 16-electron
phosphinidene (5" — 6/, path C) is unlikely in light of
the endothermicity of 32.5 kcal/mol. Reactive phosphi-
nidenes 6 with various P-substituents and Cp-type li-
gands are suggested as reactive intermediates in the
thermal decomposition reactions of diphosphide com-
plexes 5 [15]. The phosphinidene has only been captured
with PMej; in the case of 6 where R = Mes* and the Cp-
ligands on Zr are unsubstituted [10d]. Phosphinidenes 6
are typically suggested to result form direct elimination
of a phosphine (path C) [10,15], while H-transfer and li-
gand exchange (path D) has so far not been considered
as an alternative. Because dissociation of PMe; from 1
occurs easily and hence also the exchange of phosphine
ligands, path D may indeed be the more viable one.

3.3. Reaction of the zirconocene phosphinidene complex
with 1,2-dichloroethane

Phosphinidene complex 1 substituted with a superm-
esityl group is known to react with 1,2-dichloroethane to
form the corresponding phosphirane. Chloride—phos-
phide 8 has been proposed as intermediate [10f], formed
from the reaction of the transient phosphinidene 6 with
the dichloride (Scheme 5). The by-product of this reac-
tion is Cp,ZrCl, (2) from which phosphinidene 1, in
turn, can be resynthesized conveniently as discussed.

We investigated the reaction of 1,2-dichloroethane
with model complex 1’, shown in Scheme 5, where the
prime indicates again H-substituents only. Table 3 sum-
marizes relevant structural parameters for the stationary
points on the potential energy surface including the two
transition structures that are depicted in Fig. 1. Table 4
lists the reaction energies for each of the steps of Scheme
5 and the activation energies for the two C—Cl bond-
breaking processes (o, m-bond metathesis) [35].

The reaction starts by dissociating the phosphine li-
gand from 1. As noted this process requires 22.8 kcal/
mol for the model system, but likely less for the mesityl
substituted system 1 due to steric repulsion between the
auxiliary phosphine and cyclopentadienyl ligands (vide
infra). The experimental system is reactive at room tem-
perature [10f,10g,10h].

~_-Cl
Cpefr:pH ﬂi cl

Cp,Zr=PH

H, Cp,Zr=PH

1 6' 7'

CI/\/CI
Cp,Zr—PH

Table 3
Selected bond distances (in A) for the stationary points of the reaction
of 1’ with 1,2-dichloroethane

Bond v 6 7' TS, g 8 TSy ., 2
Zr-P(=P) 2.500 2473 2501 2.596 2.682 2.810 -
Zr-Cl, - - 2773 2537 2451 2582 2458
Zr-Cl, - - - - - 2.650  2.458
P-C, - - - 3221 1901 2.002 1.891*
P-GC, - - - - - 2671  1.891°
C-C, 1.823° 1.823% 1867 2459 - - -
C>-Cl, 1.823% 1.823® 1.817 1876 1.829 2.591 —

% In phosphirane.
® In 1,2-dichloroethane.

Fig. 1. Transition structures for C-Cl bond breaking TS, _g (left) and
TSg’A,z.

In 6/, the Zr—P bond length is shortened by 0.027 A
with respect to 1’ and more polarized (charges 6': Zr
+0.345, P —0.308; 1": Zr +0.239, P —0.288). The strong
Zr=P polarization is also evident from the frontier orbi-
tals of 6’ with the HOMO consisting for 65% of phos-
phorus atomic orbitals and the LUMO for ~80% of
those of zirconium. The combination of the electron-
deficient zirconium center and the nucleophilic phospho-
rus in [2,11c] makes this species particularly suitable to
react with polarized bonds, such as C-Cl and C=0.

One of the chlorine atoms of 1,2-dichloroethane com-
plexes weakly to the electrophilic zirconium center (10.2
(9.5) kcal/mol) of 6 to yield precomplex 7', with a large
Zr—Cl distance of 2.773 A, and a similar Zr=P distance
as in 1’ (2.501 A). The high reactivity of phosphinidene
intermediate 6’ is reflected in the very exothermic con-
version of complex 7' into 8 (55.5 (54.5) kcal/mol)
and its modest barrier (10.4 (12.5) kcal/mol) that is asso-
ciated mainly with C—Cl bond cleavage. In the o,n-met-
athetical transition structure (TSy_g, Fig. 1), both the
forming Zr—Cl bond (2.537 A) and the dissociating C—
Cl bond (2.459 A) are product-like, while the Zr-P bond
(2.596 A) is elongated halfway to its final length in 8’.
The developing positive charge on the carbon atom

cl H
| /Sl — cpzicl + R

8' 2

Scheme 5. Formation of phosphirane from zirconium phosphinidene complex 1’ and 1,2-dichloroethane.
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Table 4
Energetics and barriers (in kcal/mol) for the steps in the reaction of 1’ with 1,2-dichloroethane

1 ¢ 6' + CoH,Cl— 7' TS, _g 78 TSy_» 8 — 2+ C,HsP
E 22.8 —-10.2 10.4 —55.5 30.0 —18.6
E(Et,0) 23.8 -9.5 12.5 —54.5 26.1 —17.2
(+0.014) in the transition structure is stabilized by the considered, both starting from the initial chloride phos-

lone pair on phosphorus, but P-C bond formation is phide complex 3’. When LiH is used to perform the
lagging (3.221 A). The non-reacting C-Cl bond is elon- dehydrohalogenation a phosphine is needed as an auxil-
gated by 0.044 A and the C-C bond shortened by iary ligand to stabilize the 16-electron phosphinidene

0.047 A (with respect to 1,2-dichloroethane), which indi- complex 6’. The dehydrohalogenation likely occurs in
cates hyperconjugative stabilization of the electron- a single step and not via phosphide hydride complex
deficient B-carbon atom. Structure 8’ closely resembles 4'. Calculated *'P NMR chemical shift data for the Zr
3’. The phosphorus atom is slightly flatter (X 302.2) and Hf complexes in comparison with available experi-
and the Zr-P bond slightly shorter (4 0.03 A), but these mental data exclude 4’ as reaction intermediate. With
effects are sensitive to the size of the substituent as dis- excess lithium phosphide nucleophilic replacement of
cussed for 3-Mes* [10¢]. the chloride substituent of 3’ is instead more likely.
The next o-bond metathesis step that converts 8’ into The generated diphosphide 5’ then undergoes an intra-
zirconocene dichloride 2 and phosphirane is less exo- molecular H-transfer to directly afford phosphinidene
thermic (18.6 (17.2) kcal/mol) than the first and has complex 1’. This route may lead to other group 6-9
accordingly a higher reaction barrier (30.0 (26.1) kcal/ transition metal phosphinidene complexes.
mol). Pre-coordination of the chloride atom to the zirco- Dissociation of the stabilizing phosphine ligand from
nium center could be identified, only in a cis fashion, but 1’ gives the highly reactive nucleophilic 16-electron
this complex was found to be 6.3 kcal/mol less stable phosphinidene complex 6 that reacts with 1,2-dichloro-
than 8, which sharply contrasts the stabilizing coordi- ethane to phosphirane and ZrCl, that can be regener-
nation for first 5-bond metathesis step. In the transition ated to the phosphinidene complex. The initial step in
structure, (TSg_,,, Fig. 1) both the forming Zr—CI bond this process is coordination of one of the halides to

(2.650 A) and the breaking C-Cl (2.591 A) bond are the electron-deficient zirconium center. In the subse-
again more product-like than the P-C bond (2.671 A). quent o,n-metathesis, C—Cl bond cleavage and P-C

The Zr-P bond is elongated along each of the steps in bond forming take place in an asynchronous fashion.
the 6' — 7" — 8’ sequence, before it is cleaved in the sec- The resulting intermediate 8’ undergoes the second
ond transition structure (2.810 A) to render the phosphi- asynchronous metathesis step in which the chloride is
rane product. IRC-calculations indicate that the transferred from carbon to zirconium with simultaneous
phosphirane dissociation occurs simultaneously with formation and dissociation of the phosphirane ring. This
o-bond metathesis. second step is less exothermic than the first one and also
This outlined mechanism indicates that a labile ligand has a higher reaction barrier.

is essential to generate in situ a highly reactive 16-elec- It appears evident that the facile formation of a 16-
tron nucleophilic phosphinidene complex, which is an electron species is the crucial step both in generating
aspect that is also increasingly recognized in the devel- the reaction phosphinidene complex and in its reactivity,
opment of active metathesis catalysts [36]. The active making the zirconium complex unique.

phosphinidene complex must further have an adequately
polar M=P bond to accommodate a second c-bond

forming step. In this process, the zirconocene is regener- Acknowledgments
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