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Abstract

The coordination chemistry of phospha-alkynes (P�CR) at electron-rich and sterically hindered {M(diphosphine)2} [M=Mo(0),
W(0), Re(I), Fe(II)] centres, in which the P�CR ligand adopts the very rare and electronically unfavoured end-on (�1)
coordination mode, as well as at the less sterically demanding {Rh(triphos)}+ site, are described and compared with those
exhibited by alkynes at the same metal centres. At the former sites, the �1-P�CR ligand behaves as a weak �-acceptor and is
typically activated to �-nucleophilic addition to give phospha-alkene, phosphine and phosphinidene oxide products, although
activation towards electrophilic (protic) addition has also been recognized upon hydrometalation (insertion into a metal–H bond
to give a phospha-alkenyl species). At the same metal sites, the �2-coordination of alkynes is unfavoured (on both electronic and
steric grounds) and these substrates undergo rearrangements (H-shifts) towards �1-bonded alkynyl and vinylidene derivatives, or
towards a less sterically demanding �2-allene species, and these products are activated towards �-electrophilic addition
(protonation) on account of their �-electron withdrawal ability which contrasts with the behaviour of the �1-P-ligated
phospha-alkyne and derivatives. The alkyne and phospha-alkyne insertions into an Fe–H bond are also compared, as well as their
cycloaddition reactions (cyclotri- and cyclodimerisations, respectively) at the {Rh(triphos)}+ centre which exhibits open coordina-
tion sites for �2-ligation. The above reactions are discussed in terms of both stereochemical and electronic effects. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The author acknowledges the invitation that was
kindly addressed to him to contribute to this celebra-
tory issue on the occasion of Professor A. Romão Dias’
60th anniversary, in spite of the fact that his research
(initially based on the D. Phil. training at the University
of Sussex, UK) has developed separately from that of
the wide organometallic group that was remarkably
established by Professor A.R. Dias.

For this contribution, the selected topic falls within
the author’s general interest on the activation, by coor-
dination, of small molecules [1], in this particular case
phospha-alkynes (P�CR) and related alkynes (com-
monly 1-alkynes, HC�CR) at electron-rich phosphinic

dinitrogen-binding metal centres. The study of the com-
parative behaviours of such unsaturated species would
allow to compare the effect on the unsaturated bond of
the replacement of the CH group at HC�CR by the P
atom at P�CR. This would be particularly significant in
view of the C–P diagonal relationship, which has been
recently recognized in the field of unsaturated-P chem-
istry, as expressed in the suggestive title of the book
‘Phosphorus: The Carbon-Copy’ by Dillon, Mathey
and Nixon [2].

Both phospha-alkynes [2–4] and alkynes [5] (the
former only recently) have led to the development of
rich organometallic chemistries and usually bind a
metal centre in the dihapto (�2) or side-on coordination
mode (1, for the former species). This is in accord with
the nature of the HOMO which is of the P�C or C�C
�-type, respectively. However, the phospha-alkynes
would be able, in principle, to utilise not only the triple
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bond but also the P lone-pair electrons (although in an
orbital with a significantly lower energy than the
HOMO) and in fact they can bind (although rarely) in
the �1 (end-on) fashion (2) at a suitable narrow coordi-
nation site, in particular of the bulky diphosphinic type
{M(diphosphine)2} [6–8] able to accept only linear
molecules oriented in such a way.

This unusual coordination mode, stereochemically
aided but electronically unfavoured, results in interest-
ing forms of reactivity of the phospha-alkynes which
are discussed herein and compared with those observed
for alkynes at the same metal-binding sites. The ac-
count is based on the author’s group contributions (in
particular within his collaborations with Professor R.L.
Richards and Professor J.F. Nixon, University of Sus-
sex), but related studies by other groups are also
discussed.

2. �1-Coordination of phospha-alkynes

The �1-ligation mode of phospha-alkyne ligands has
been unambiguously established at an axial position in
octahedral-type transition metal complexes containing
two bulky trans-chelating diphosphine ligands, i.e. in
trans-[M(N2)(�1-P�CR)(R�2PCH2CH2PR�2)] (M=Mo or
W, R= tBu or adamantyl, R�=alkyl or aryl) [6], trans-
[M(�1-P�CR)2(R2� PCH2CH2PR�2)2] (3) [6] and trans-
[FeH(�1-P�CtBu)(dppe)2]A (A=BF4 (4a) or BPh4 (4b))
[7,8]. The Group 6 metal complexes were prepared by
replacement of N2, in the corresponding parent dinitro-
gen complexes, trans-[M(N2)2(R�2PCH2CH2PR�2)2], by
the phospha-alkyne (Scheme 1a), whereas the iron(II)
complex 4a was derived from trans-[FeH(Cl)(dppe)2],
the reaction being carried out [7,8] in the presence of
Tl[BF4] as the chloride ligand abstractor (Scheme 1b).
Further replacement of the [BF4]− counter-ion in 4a by
[BPh4]− on reaction with Na[BPh4] afforded the final
product 4b (Scheme 1b) [7]. In all the above binding
metal centres, the bulky diphosphines leave only a
narrow channel in the axial direction for ligation of the
phospha-alkyne which thus coordinates linearly in the
�1(end-on) mode.

The molecular structures of trans-[Mo(�1-P�CR)2-
(R�2PCH2CH2PR�2)2] (3, R=adamantly, R�=Et) [6] and
trans-[FeH(�1-P�CtBu)(dppe)2][BPh4] (4b) [8] were es-
tablished by single crystal X-ray diffraction analyses
which show a rather short P�C bond length, i.e.
1.520(12) A� for 3 [6] or the even shorter value of
1.512(5) A� for 4b [7]. The P�C distance is shorter than
the average value of ca. 1.540(4) A� known [9] for free
P�CR ligands and therefore a shortening of the P�C
bond results upon �1-coordination, as also observed
[10] for the P�C bond in the case of phospha-alkenes.
This contrasts with the significant lengthening of the
P�C or P�C bonds in phospha-alkyne or phospha-
alkene ligands, respectively, that occurs in �2-bonded
complexes [2–4] in agreement with the electron dona-
tion from a filled �-bonding orbital of the ligand and
eventual electron acceptance by an antibonding �*-
orbital.

The shortening upon �1-coordination of the phos-
pha-alkyne P�C bond can conceivably be interpreted by
analogy with the structurally related unsaturated car-
bonyl [11], isocyanide [11], dinitrogen and nitrile [12]
ligands, where the electron lone pair orbital involved in
�-coordination to the metal has some antibonding
character for the unsaturated bond. The observation is
also indicative of a modest or even non-existing �-elec-
tron accepting ability of the phospha-alkyne since an
extensive �-electron backbonding component of the
coordination bond (�-electron release from the metal to
an empty �*-orbital of the phospha-alkyne) would re-
sult in a weakening (elongation) of the P�C bond (see
also the electrochemical studies discussed below).Scheme 1.
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Scheme 2.

The metal-P (phospha-alkyne) bond distance,
2.305(3) A� for 3 (R=adamantyl, R�=Et) [6] or
2.148(2) A� for 4b [7], is shorter than those of
metal�P(phosphine), ca. 2433(4) or ca. 2.276(2) A� , re-
spectively, reflecting the smaller sp radius of phospho-
rus (in the phospa-alkyne) compared with the sp3 value
(in the phosphine).

In the 13C-{1H}-NMR spectrum of 4b (CD2Cl2) the
P�CtBu resonance (doublet, J(CP) 140 Hz) occurs at a
chemical shift (� 183.38) comparable with that of the
uncoordinated phospha-alkyne, thus not showing the
downfield shift typical for �2-coordination not only for
a two-electron donor [13], but also, and even much
more extensively, for a four-electron donor phospha-
alkyne [14]. Interestingly, four-electron donor alkynes
also exhibit a much lower field 13C resonance for the
ligating C atoms [15], compared with the two- or
three-electron donor cases.

As revealed by a cyclic voltammetric study, trans-
[FeH(�1-P�CtBu)(dppe)2][BF4] (4a) undergoes a quasi-
reversible single electron oxidation at E°=1.00 V
versus SCE, a value that is rather close to that (1.04 V)
of the analogous carbonyl complex trans-[Fe-
H(CO)(dppe)2]+ [7]. Thus, the �1-phospha-alkyne and
the CO ligands exhibit a very similar net �-electron
acceptor minus �-donor ability, as also indicated by the
closeness of the estimated value of the electrochemical
PL ligand parameter (a measure of that net electron
ability [17]) for the former ligand, −0.04 V [7], and
that of CO (PL=0 V). Therefore, since the �1-phos-
pha-alkyne (see above) is not an efficient �-acceptor (in
contrast to CO), one concludes that it is also not a
strong �-donor, thus accounting for the scarcity of
complexes with this coordination mode. In this respect
it resembles dinitrogen (PL= −0.07 V [17]) and be-
haves as a weaker net electron donor than PPh3, CNMe
or NCMe (with PL values of −0.35, −0.43 or −0.58
V, respectively [17]).

�1-Coordination was also suggested [16], on the basis
of spectroscopic evidence, for the ‘super misityl’ phos-
pha-alkyne P�CR (R=C6H2

tBu3-2,4,6) with high steric
hindrance at the C atom, in the Ru(0) complex [Ru(�1-
P�CR)(CO)2(PPh3)2] whose molecular structure how-
ever was not authenticated by X-rays. The complex was
obtained by displacement of one PPh3 ligand at

[Ru(CO)2(PPh3)3], a route also employed for the prepa-
ration of related �2-alkyne complexes [16].

3. Phospha-alkyne reduction to phospha-alkene and
phosphine

Treatment of a CH2Cl2 solution of trans-[FeH(�1-
P�CtBu)(dppe)2][BF4] (4a) with HBF4 forms a mixture
of the �1-fluorophospha-alkene trans-[FeH(�1-
PF�CHtBu)(dppe)2][BF4] (5a) and the difluorophos-
phine trans-[FeH(PF2CH2

t Bu)(dppe)2][BF4] (6)
complexes, formed upon a sequential addition of 2HF
groups across the P�C bond of the �1-phospha-alkyne
(Scheme 2) [7,8]. These products were isolated as their
[BF4]− salts (and also as the [FeCl2F2]− salt, 5b, in the
former case), fully characterised mainly by multinuclear
NMR spectroscopy and, in the latter case, by the single
crystal diffraction analysis of trans-[FeH(�1-
PF�CHtBu)(dppe)2][FeCl2F2] (5b) [8] obtained from
prolonged attempted recrystallisation of 4a, from
CH2Cl2�Et2O, in the presence of [NH4][BF4]�Tl[BF4].
Similarly to what is observed for the parent �1-phos-
pha-alkyne complex 4 (see above), the unsaturated
(P�C) bond length in the ligated �1-phospha-alkene in
5b, 1.66(4) A� , is shorter than that in a free phospha-
alkene [18], in contrast with the known [2,3] stretching
of such a bond in the case of �2-coordination.

The above reactions of the �1-phospha-alkyne
(Scheme 2), via formal ‘HF’ 1,2-additions, suggest the
ligand polarity Fe�P(+�)�C(−�)tBu, thus following
a nucleophilic attack route at the phospha-alkyne in-
volving F− attack at the ligated P atom and protona-
tion at the unsaturated C atom—see Scheme 3a, which
also includes the binding of the phospha-alkyne to the
unsaturated metal centre {Fe+−H} i.e.
{FeH(dppe)2}+ generated by chloride abstraction, by
Tl+, from trans-[FeH(Cl)(dppe)2]. Such a 1,2-addition
of a protic nucleophile (HF) parallels the observed
behaviours of free phospha-alkynes (:P�CR) which e.g.
on reaction with HCl lead to the corresponding phos-
pha-alkenes ClP� �CHR [2–4], i.e. the protonation oc-
curs exclusively at the C atom rather than at the P atom
in spite of the electron lone pair at the latter.
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Scheme 3. (a) Nucleophilic attack route at the phospha-alkyne P. (b) Postulated phospha-alkyne insertion followed by electrophilic attack route.

However, a different pattern of reactivity of the
�1-phospha-alkyne ligand has also been observed in the
unexpected formation of the PH3 complex trans-
[FeH(PH3)(dppe)2][BF4] (7a) as a side product in the
reaction of trans-[FeH(Cl)(dppe)2] with Tl[BF4]�
[NH4][BF4] (Scheme 4), besides the abovementioned
�1-phospha-alkyne complex 4a [7]. Replacement of the
[BF4]− counter-ion in 7a by [BPh4]− leads to the related
trans-[FeH(PH3)(dppe)2][BPh4] (7b) complex [7].

The formation of the PH3 complex 7a, which cannot
be obtained from the �1-phospha-alkyne complex 4,
follows a distinct pathway from that discussed above,
conceivably involving (Scheme 3b) [7] a postulated
phospha-alkenyl intermediate, Fe�P� �CHtBu (8) [Fe=
Fe(dppe)2] (formed via insertion of P�CtBu in the Fe�H
bond), containing a nucleophilic P atom, i.e. with a
reversed polarization to that observed in the phospha-
alkyne complex H-Fe+�P�CtBu (4). The phospha-
alkenyl intermediate 8 would undergo protonation at P
and nucleophilic attack at C, by HX= ‘HF’ or H2O,
forming (Scheme 5) Fe�P� H�C(X)HtBu (X=F (9a), OH
(9b)) which, upon �-H elimination, rearrangement (in
the case of HX=H2O involving the conversion of the
enol 9b into the keto form H-Fe�PH2COtBu) and
further ‘HX’ addition would yield the final PH3 com-
plex 7 on liberation of the corresponding organic prod-
ucts [7].

A precedent for the conversion of a phospha-alkyne
into a phosphine (a fluorophosphine) ligand via a phos-
pha-alkenyl intermediate has been reported [19] for
[RuH(Cl)(CO)(PPh3)3] which, on treatment with
P�CtBu followed by CNR (R=C6H3Me2-2,6), affords
[Ru(Cl)(�1-P�CHtBu)(CO)(CNR)(PPh3)2] (Scheme 6)
that is converted into the fluorophosphine complex
[Ru(Cl)(PHFCH2

t Bu)(CO)(CNR)(PPh3)]+ by protona-
tion (HBF4) followed by nucleophilic addition of ‘HF’
(added as K[HF2] or [NBu4]F).

Scant examples of phospha-alkyne hydrometalations
are known [20], and another precedent for the nucle-

ophilic character of the P atom of the derived phospha-
alkenyl ligand can be recognized in the alkylation (by
CH3I) of [Ru(Cl)(L)(�1-P�CHtBu)(PPh3)2] (L=CO or
CS) to yield the corresponding phospha-alkene com-
plexes [Ru(Cl)(I)(L){�1-P(CH3)�CHtBu}(PPh3)2] [21].

4. Phospha-alkyne hydration to phosphinidene oxide

We have discussed above (Schemes 2 and 3) the
1,2-nucleophilic addition of the protic nucleophile ‘HF’
to the �1-ligated phospha-alkyne in a iron(II) centre
(complex 4) to give the �1-phospha-alkene derivative 5
in which the nucleophile (F−) added to the P atom and
the electrophile (H+) to the carbon atom. A related
1,2-nucleophilic addition by H2O as the nucleophile has
been observed at the �1-phospha-alkyne ligating a
Re(I) centre (Scheme 7) [22], to give quite a different
type of product, a phosphinidene oxide (tBuCH2P�O).

The reaction of the dinitrogen complex trans-
[ReCl(N2)(dppe)2] with P�CtBu in tetrahydrofuran re-
sults in N2 replacement by the phospha-alkyne to form
trans-[ReCl((�1-P�CtBu)(dppe)2] (10) (the crowded
metal centre prevents �2-coordination) which, upon
hydrolysis with traces of moisture, yields the final P-
bonded phosphinidene oxide product, trans-
[ReCl{P(O)CH2

t Bu}(dppe)2] (11), whose molecular
structure has been established by X-ray diffraction [22].
The P atom of the phosphinidene oxide ligand is trigo-
nal planar with a P�O bond length of 1.499(3) A� and a

Scheme 4.
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Scheme 5. Postulated mechanism for the complete P�C bond cleavage via a phospha-alkenyl intermediate 8. Fe=Fe(dppe)2.

P�Re distance of 2.203(1) A� which is shorter than the
Re–P(dppe) distances (average of 2.433(1) A� ) in accord
with the smaller sp2-hybridised P radius of the
tBuCH2P�O ligand [22].

Phosphinidene oxides are rare and highly reactive
species and the above reaction provides a novel method
for their generation and stabilisation at a transition
metal centre. The possibility to extend the method to
the formation of other chalcogeno or imido derivatives,
RP�X (X=S, Se or NR, respectively) should be further
explored.

5. �2-Phospha-alkyne reactions

When the steric encumbrance is not sufficient to
impose �1-ligation, the phospha-alkyne ligand binds the
metal in the usual �2-coordination mode [2–4] and
presents a different reactivity than that discussed above.

We have observed a rather unusual phospha-alkyne/
diazenido (or hydrazido) (P–N) coupling involving two
phospha-alkyne molecules and one chelated diazenide
(or hydrazide) ligand in the reaction of P�CtBu with

[ReCl2(NNCO
��������

Ph)(PPh3)2] in which �-electron delocal-
ization occurs within the chelated ring, thus presenting
features of both a benzoyldiazenido(1-) rhenium(III)
and a benzoylhydrazido(3-) rhenium(V) species. The
reaction with the phospha-alkyne gives, conceivably via
an unprecedented template process (Scheme 8), the first
�2-phosphidocarbene complex, [ReCl2{�4-N(NCOPh)-
PCtBuPCtBu}(PPh3)] (12), whose molecular structure
has been established by a single-crystal X-ray diffrac-
tion which also shows some �-delocalisation within the
phospha-alkyne and benzoyldiazenido (or benzoylhy-
drazido)-derived rings [23]. The coupling is surprising in

view of the usual stability of the chelating benzoyldi-
azenido (or benzoylhydrazido) ligand towards elec-
trophilic reagents. No other examples have yet been
reported.

Cyclodimerisation of P�CtBu was observed in its
reaction with the Rh(I) phosphinic complex [RhCl-
(triphos)] [triphos=PPh(CH2CH2PPh2)2], in the pres-
ence of Tl[BF4] (chloride ligand abstractor), to yield the
�4-1,3-diphosphacyclobutadiene complex [Rh-
(triphos){�4-(PCtBu)2}][BF4] (13) (Scheme 9) [24]. The
ability of the ring P atoms to bind to other metal
centres was tested successfully for {PtCl2(PEt3)} and
{W(CO)5}, by reacting 13 with [Pt2Cl4(PEt3)2] or
[W(CO)5(THF)], respectively, to form the correspond-
ing diadducts [Rh(triphos) {�4,�1-[PtCl2(PEt3)]2-
(PCtBu)2}][BF4] and [Rh(triphos){�4,�1-[W(CO)5]2-

Scheme 6.



A.J.L. Pombeiro / Journal of Organometallic Chemistry 632 (2001) 215–226220

Scheme 7.

[M(N2)2(dppe)2] (Scheme 10), C–H oxidative addition
reactions of 1-alkynes RC�CH occur to yield dihy-
drido–dialkynyl, dialkynyl or trihydrido–alkynyl (for a
bulky alkynyl) complexes, i.e. [MH2(C�CR)2(dppe)2]
(14) [28], trans-[M(C�CR)2(dppe)2] (15) [28] or
[MoH3(C�CtBu)(dppe)2] (16) [29], respectively, in which
the alkynyl ligand is activated towards protonation to
form the carbyne or carbene products trans-
[WF(�CCH2R)(dppe)2] (17) (R=CO2Me) [28], trans-
[WF(�CHCH2R)(dppe)2]+ (18) (R=Ph) [28] or
trans-[MoF(�CCH2

t Bu)(dppe)2] (19) (a stable paramag-
netic carbyne complex) [30].

At the {ReCl(dppe)2} metal site, with a not so high
electron-richness as the above Mo(0) or W(0) centres,
the reactions of RC�CH or PhC�CCH3 (phenyl
propyne) with trans-[ReCl(N2)(dppe)2] proceed
(Scheme 11) via 1,2- or 1,3-hydrogen migration, respec-
tively, yielding the vinylidene trans-[ReCl(�C�CHR)-
(dppe)2] (20) [31–33] or allene trans-[ReCl(�2-
CH2�--C�CHPh)(dppe)2] (21) [34] complexes which also
undergo �-protonation to afford the corresponding car-
byne (alkylidyne) trans-[ReX(�CCH2R)(dppe)2]+ (X=
Cl (22) or F (23)) [31,32,35,36] or �2-vinyl

trans-[ReCl{C(C
������

H2)CH2Ph}(dppe)2]+ (24) [37–39]
complexes. The formation of vinylidene complexes via
1,2-H shifts at terminal alkynes is a well-documented
reaction [40], as well as their susceptibility to �-proto-
nation and to �-nucleophilic addition.

At the cationic iron(II)-hydride {FeH(dppe)2}+ cen-
tre, with a lower electron-richness than the above
Mo(0), W(0) or Re(I) ones, methyl propiolate
(HC�CCO2Me) inserts into the Fe–H bond in its reac-
tion with trans-[FeH(Cl)(dppe)2] in the presence of

Tl[BF4] to yield the vinyl product cis-[Fe(CH�CHCO
���������

O-
Me)(dppe)2][BF4] (25a) (Scheme 12a) whose structure
was authenticated by X-rays [41]. This alkyne be-
haviour closely relates to the abovementioned postu-
lated hydrometalation of the phospha-alkyne (Scheme
3b) in its reaction with the same starting hydride com-

plex. The analogous vinyl complex cis-[Fe(CH�CHCO
���������

-
OMe)(dmpe)2]+ (25b) (dmpe=Me2PCH2CH2PMe2),
isolated as the [BPh4]− salt, was obtained [42] on
treatment of trans-[FeCl2(dmpe)2] with HC�CCO2Me
in the presence of Na[BH4], conceivably via a hydride
intermediate.

The alkyne-derived alkenyl and vinylidene complexes
trans-[FeCl(C�CPh)(LL)2] [LL=depe (Et2PCH2-
CH2PEt2) (26a), dmpe (26b)] and trans-
[FeCl(�C�CHPh)(LL)2]+ (LL=depe (27a), dmpe (27b)),
which are interconvertible (by acid–base reaction),
have been prepared from the reactions of PhC�CH with
the corresponding trans-[FeCl2(LL)2] complexes
(Scheme 12b) [42], whereas treatment of the dihydrogen
complexes trans-[FeH(�2-H2)(LL)2]+ with RC�CH
(R=Me, iPr or Ph) affords the dialkynyl trans-
[Fe(C�CR)2(LL)2] (28) complexes which, on protona-

Scheme 8.

(PCtBu)2}][BF4] [24]. The Pt-monoadduct is obtained
upon partial dissociation of the diadduct in CH2Cl2
[24].

Cycloaddition reactions of phospha-alkynes at transi-
tion metal centres have already been well recognized
[2–4,25], leading to a variety of P-containing rings in
particular of the �4-1,3-diphosphacyclobutadiene type
at Group 9 metal centres [26,27]. However, in the case
of Rh [27e], the yields and the selectivity (a variety of
products are usually formed) are normally lower than
those exhibited by the above Rh– triphos system.

6. Reactions of alkynes at the same metal centres

We have also been investigating the reactions of
alkynes at electron-rich metal centres and particularly
relevant behaviours for comparative purposes with the
phospha-alkynes are summarized in Schemes 10–12.

Hence, at the most electron-rich and readily oxidiz-
able {M(dppe)2} (M=Mo or W) centres in trans-
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Scheme 9.

Scheme 10.
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Scheme 11.

tion, lead to the alkynyl-vinylidene species trans-
[Fe(C�CR)(�C�CHR)(LL)2]+ (29) that undergo a cou-
pling process to yield the final butenynyl products

[Fe(RC�C�C
�������

�CHR)(LL)2]+ (30) (Scheme 12c) [43,44].
This acyclic coupling of two alkyne-derived ligands is
different from the well established [2–4] (see above)
metal-mediated coupling of two phospha-alkyne
molecules (cyclodimerisation) which leads to an �4-1,3-
diphosphacyclobutadiene ligand. Although phospha-
alkyne coupling has not yet been reported at binding
metal centres that induce �1-ligation of the phospha-
alkyne, in view of this coupling of alkyne derivatives it
would be worthwhile to attempt their acyclic coupling
at such metal sites with potential hydrogen transfer
ligands (hydride or dihydrogen).

In the above reactions, at electron-rich and sterically
hindered metal centres, �2-RC�CH complexes have
been obtained only rather scantly and the tendency for
the formation of end-on (�1) coordinated derivatives
(like alkynyls and vinylidenes), as observed in the case
of the phospha-alkyne reactions, is evident. The unfa-
vourable isolation of �2-alkyne complexes conceivably
results not only from steric constrictions at the binding
metal site but also from a destabilizing repulsive four-
electron d�(metal)–��(alkyne) interaction involving the
filled pseudo-t2g set of the d6 metal atom in the elec-
tron-rich binding site [31,33,34,45] which can also con-
stitute a driving force towards the alkyne conversion
into another species (e.g. an alkynyl, vinylidene or
allene) without such a coordinative destabilisation.

The alkyne-derived ligands are readily activated to-
wards �-electrophilic attack (protonation) as a result of
both the extensive �-electron release ability of the metal

centre and the capacity of such unsaturated-C ligands
to �-acceptance, a behaviour that contrasts with that
observed for the weak �-acceptor �1-phospha-alkyne
ligand.

At the less sterically hindered {Rh(triphos)}+ centre,
alkynes (as phospha-alkynes) can ligate in the �2-mode
and also undergo a cycloaddition reaction [24]. Hence,
the products of alkyne cyclotrimerisation, [Rh-
(triphos){�4-(HCCR)3}][BF4] (31) (R=CO2Me or
CO2Et), are obtained on reaction of HC�CR with
[RhCl(triphos)] in the presence of Tl[BF4] (Scheme 13)
[24]. However, this alkyne behaviour does not follow
entirely that observed for the phospha-alkyne (Scheme
9) since no �4-ligated cyclobutadiene product (which
would be the analogous one to the �4-1,3-diphosphacy-
clobutadiene 13 complex) was obtained. The preferen-
tial formation of the �4-1,3-diphosphacyclobutadiene
ring (product of phospha-alkyne cyclodimerisation)
over the cyclobutadiene ring (product of alkyne cy-
clodimerisation) is known [26a,46] in other metal
systems.

7. Concluding remarks

The above-mentioned electron-rich and bulky
diphosphinic Mo(0), W(0), Re(I) and Fe(II) centres
prefer, on steric grounds, to accept axial linear ligands
in the end-on (�1) coordination rather than in the
dihapto mode. In particular, phospha-alkynes bind
them in the former and very rare mode, in spite of this
being electronically unfavoured in comparison with the
latter. In the case of alkynes, the �2-coordination is
both sterically and electronically hampered.

����	
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Scheme 12.

Hence, both �1-phospha-alkynes and �2-alkynes at
such centres are prone to undergo rearrangements or
reactions that convert them in coordinatively more
stable species (Scheme 14). Since the �1-P�CR ligand is
not an efficient �-electron acceptor, its typical reaction
(in complexes 3, 4 and 10) consists of the �-nucleophilic
addition at the ligated P-atom to form a variety of rare
species such as a fluorophospha-alkene (5) and a difl-
uorophosphine (6) derivative (‘HF’ as the nucleophile
(Scheme 14a1)) or a phosphinidene oxide (11) (H2O as
the nucleophile (Scheme 14a2)). The activation to �-nu-
cleophilic attack is well documented for other unsatu-
rated �1-bonded species such as vinylidenes [40a],
nitriles (N�CR) [47] or isocyanides (C�NR) [1b,48]
when behaving mainly as �-electron donors (not appre-
ciable �-acceptors) to binding metal centres without a
pronounced �-electron release ability. A wide variety of
nucleophiles (both protic and aprotic ones) has been

successfully applied for these substrates but the exten-
sion to phospha-alkynes has not yet been reported.
Nevertheless, only short-sized nucleophiles have
chances to succeed at the above metal centres in view of
the inherent steric constrictions.

In contrast, the unsaturated C-bonded alkyne-
derived ligands (vinylidene, allene or alkynyl in com-
plexes 20, 27, 29; 21; or 14–16, 26, 28, 29, respectively

Scheme 13.
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Scheme 14.

(Scheme 14b)) behave as effective �-electron acceptors
from the strong �-electron releaser metal centre and are
activated towards electrophilic addition (protonation)
at the �-C atom which constitutes their typical reaction,
leading to a variety of multiple metal–carbon bonded
species (carbynes, an �2-vinyl or a carbene) (in com-
plexes 17, 19, 22, 23; 24 or 18, respectively (Scheme
14b1)). Such a type of activation has also been recog-
nized for isocyanides [1a,d,k,49–51], nitriles
[1g,j,k,52,53] or dinitrogen [54] when behaving as effec-
tive �-electron acceptors from electron-rich binding
metal centres, in particular those of Mo(0), W(0) or
Re(I) discussed above.

As a result of the �-nucleophilic addition to the
�1-phospha-alkyne or of the �-electrophilic addition to
the alkyne-derived species, the unsaturated P�--C or
C�--C bond weakens, but the cleavage of the formers
appears to follow a distinct form of reactivity. In fact,
the polarity of the P�--C bond can be reversed (Scheme
14c) by insertion of the phospha-alkyne into a metal–H
bond with resulting development of a nucleophilic char-
acter at the P atom (as in complex 8) which thus
becomes susceptible to protonation which is believed to
be a key step towards the complete P�--C bond rupture
(Scheme 14c1). The similar insertion of an alkene into a
metal–H bond appears to require the promoting effect
of chelation by a second appropriate functional group,
as in the derived chelated vinyl–ester complex (25)
(Scheme 14d).

Both phospha-alkyne and alkyne coupling reactions
(cycloadditions) can readily occur at metal centres with-
out sufficient steric hindrance to hamper their dihapto

coordination, but with distinct preferences for ring sizes
(numbers of coupled molecules). At sterically hindered
binding metal centres, in particular with H-ligands,
acyclic coupling remains a possibility to be explored.

The results discussed above reflect the versatile coor-
dination chemistry of phospha-alkynes and suggest
that, in some cases, it can be related to that of alkynes,
although distinctive features are preserved in their be-
haviours which are determined by a combination of
both steric and electronic effects whose full understand-
ing still requires further detailed investigations.

Acknowledgements

The author gratefully acknowledges Professor J.F.
Nixon and Professor R.L. Richards of the University of
Sussex (UK) for the stimulating discussions, facilities
and fruitful collaborations established in the fields of
the coordination chemistries of phospha-alkynes and
alkynes, respectively, as well as the other co-authors
cited in the references. He is also greatly indebted to
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A.M. Galvão, J.J.R. Fraústo da Silva, A.J.L. Pombeiro, J.
Organomet. Chem. 524 (1996) 63.

[42] (a) D.L. Hughes, G.J. Leigh, M. Jimenez-Tenorio, A.T. Rowley,
J. Chem. Soc. Dalton Trans. (1993) 75;
(b) A. Hills, D.L. Hughes, M. Jimenez-Tenorio, G.J. Leigh, J.
Organomet. Chem. 391 (1990) C41.

[43] (a) D.L. Hughes, M. Jimenez-Tenorio, G.J. Leigh, A.T. Rowley,
J. Chem. Soc. Dalton Trans. (1993) 3151;
(b) A. Hills, D.L. Hughes, M. Jimenez-Tenorio, G.J. Leigh, C.A.
McGeary, A.T. Rowley, M. Bravo, C.E. McKenna, M.-C.
McKenna, J. Chem. Soc. Chem. Commun. (1991) 522.

[44] (a) L.D. Field, A.V. George, G.R. Purches, I.H.M. Slip,
Organometallics 11 (1992) 3019;

(b) L.D. Field, A.V. George, E.Y. Malouf, I.H.M. Slip, T.W.
Hambley, Organometallics 10 (1991) 3842.

[45] K.R. Birdwhistell, T.L. Tonker, J.L. Templeton, J. Am. Chem.
Soc. 107 (1985) 4474 and refs. therein.

[46] P.B. Hitchcock, M.J. Maah, M. Green, J.F. Nixon, J.
Organomet. Chem. 466 (1994) 153.

[47] R.A. Michelin, M. Mozzon, R. Bertani, Coord. Chem. Rev. 147
(1996) 299.

[48] (a) M. Tarum, F.E. Hahn, Coord. Chem. Rev. 182 (1999) 175;
(b) B. Crociani, in: P.S. Braterman (Ed.), Reactions of Coordi-
nated Ligands, vol. 1, Plenum Press, New York, 1986, pp.
553–638.

[49] M.F.C. Guedes da Silva, M.A.N.D.A. Lemos, J.J.R. Fraústo da
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[51] Y. Wang, J.J.R. Fraústo da Silva, A.J.L. Pombeiro, M.A.
Pellinghelli, A. Tiripicchio, R.A. Henderson, R.L. Richards, J.
Chem. Soc. Dalton Trans. (1995) 1183.

[52] A.J.L. Pombeiro, D.L. Hughes, R.L. Richards, J. Chem. Soc.
Chem. Commun. (1988) 1052.

[53] (a) Y. Tanabe, H. Seino, Y. Ishii, M. Hidai, J. Am. Chem. Soc.
122 (2000) 1690;
(b) H. Seino, Y. Tanabe, Y. Ishii, M. Hidai, Inorg. Chim. Acta
280 (1998) 163.

[54] (a) R.L. Richards, in: M.J. Dilworth, A.R. Glenn (Eds.), Biology
and Biochemistry of Nitrogen Fixation, Elsevier, Amsterdam,
1991;
(b) G.J. Leigh, New J. Chem. 18 (1994) 157;
(c) M. Hidai, Y. Mizobe, Chem. Rev. 95 (1995) 1115;
(d) T.A. Bazhenova, A.E. Shilov, Coord. Chem. Rev. 144 (1995)
69;
(e) M.D. Fryzuk, S.A. Johnson, Coord. Chem. Rev. 200–202
(2000) 379.

.


