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The RuQP double bond in the 5-coordinate terminal phosphido

complex [Ru(g5-indenyl)(PR2)(PPh3)] undergoes regioselective

[2+2] cycloaddition with simple and activated alkynes to give

metallaphosphacyclobutene complexes. These unusual examples

of alkyne insertion into a metal–heteroatom bond represent

potentially important intermediates in stereoselective routes to

new phosphine reagents and ligands.

Metal-catalyzed addition of the P–H bond in primary or

secondary phosphines to alkynes represents a potentially

regio- and stereoselective route to important alkenyl phosphine

reagents and ligands.1 Despite the considerable synthetic effort

directed toward the development of new chiral phosphine

scaffolds, examples of such metal mediated reactions remain

quite limited.2–7 Lanthanide- and calcium-catalyzed inter-

molecular hydrophosphination of alkynes by PPh2H,2,3 and intra-

molecular hydrophosphination of primary alkynyl phosphines,4

involve insertion of alkyne into the metal–phosphorus bond of

a phosphido intermediate (M–PR2), leading to carbon-bound

metal phosphine complexes (Scheme 1a). However, such 1,2-

insertion of alkynes into a M–P bond has not yet been observed

for late metal catalysts. The group 10 metal-catalyzed hydro-

phosphination of alkynes by PPh2H shows tunable regio-

selectivity that is rationalized by a mechanism involving

alkyne insertion into a M–H bond (Scheme 1b).5 In this case

reductive elimination of a phosphido ligand and the resulting

alkenyl ligand is responsible for P–C bond formation. The activity

of a series of ruthenium complexes for hydrophosphination of

terminal alkynes by PPh2H relies on activation of the alkyne to

give a ruthenium vinylidene species that undergoes subsequent

nucleophilic attack by free phosphine to form the new P–C

bond (Scheme 1c).6 We recently described [2+2] cycloaddition

reactions of alkenes at the RuQPR2 bond of a terminal

phosphido ruthenium complex (1a-b8), and showed that these

1,2-insertion reactions occur via a concerted, metathesis-like

mechanism.9 We now report the analogous [2+2] cyclo-

addition reactions of alkynes at 1a-b to give new phospha-

metallacyclobutene complexes. These reactions illustrate a

new mode of P–C bond formation at late metal centres, and

point to new routes to the regio- and stereoselective prepara-

tion of alkenyl phosphine reagents and ligands.

Terminal phosphido complex 1a-b reacts rapidly and regio-

selectively with one equivalent of phenylacetylene to give

the unusual [2+2] cycloaddition product, [Ru(Z5-indenyl)-

(k2-PhCQCHPR2)(PPh3)] (2a-b, Scheme 2). The phospha-

metallacyclobutene moiety in 2a-b shows diagnostic upfield
31P{1H} NMR chemical shifts (�37 ppm (a), �27 ppm (b))

similar to those previously observed for the four-membered

metallacycle in [Ru(Z5-indenyl){k2-(o-C6H4)PPh2)}(PR2H)]

(Scheme 3, 7a-b).8b HSQC NMR for 2a-b shows 1J correla-

tions between signals for the distinct olefinic proton on the

metallacycle (7.20 ppm (a), 7.36 ppm (b)) and those due to the

b-carbon of the metallacycle (121.2 ppm (a), 122.9 ppm (b)),

which also show large 1JCP coupling (45 Hz (a), 44 Hz (b)) to

Scheme 1 Examples of metal-catalyzed hydrophosphination of

alkynes.

Scheme 3

Scheme 2
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the phosphorus contained in the metallacycle and small 3JCP
coupling (3 Hz (a), 2 Hz (b)) to the adjacent triphenyl-

phosphine ligand. The 13C signals for the a-carbon (180.3 ppm

(a), 182.2 ppm (b)) show moderate 2JCP coupling (25, 15 Hz

(a); 26, 14 Hz (b)) to the two Ru-coordinated phosphorus

nuclei.10 The solid state structure of 2a (Fig. 1)z confirms

the regiochemistry of addition, as well as the unsaturated character

of the metallacycle: short C(8)–C(9) bond distance (1.347(3) Å)

and planarity at the metallated carbon (S C(8) + = 359.91) are

observed. The loss of double bond character in the Ru–PCy2 bond

is indicated by an increase in the Ru–P(1) bond length in 2a to

2.3323(6) Å, relative to 2.1589(14) Å in the crystal structure of

1a.8b The small internal bond angle for the metallacycle

(P(1)–Ru–C(8) = 65.63(6)1) points to considerable ring strain

within this metallacycle.

Along with complex 2a-b, the reaction of phenylacetylene

with 1 consistently produces a small amount of its structural

isomer, the alkynyl complex [Ru(C�CPh)(Z5-indenyl)(PR2H)-

(PPh3)] (3a: 6%; 3b: 7%), as determined by 31P NMR. The

identity of 3a was confirmed by its independent preparation

from the addition of phenylacetylene to [Ru(Cl)(Z5-indenyl)-

(PCy2H)(PPh3)] in the presence of methanolic KOH.11 This

allowed its characterization by X-ray crystallography

(Fig. 2)z and solution NMR (ESIw).12 IR spectroscopy of 3a

showed a strong diagnostic stretch due to the Z1-alkynyl ligand11

at 2071 cm�1 as well as the expected nPH at 2143 cm�1. The

formation of 3a-b in these reaction mixtures seems reasonable,

based on the established P-basicity of 1a-b,13 and the relatively

high acidity of the terminal proton in phenylacetylene

(pKa(H2O) E 20).14 The small relative amount of 3a-b that

we observe is interesting: since we have seen no evidence for

reversibility of these reactions, we presume that this is a kinetic

product distribution, which points to a much higher rate for

[2+2]-cycloaddition than for deprotonation.

Both simple and internal alkynes also undergo [2+2]-

cycloaddition reactions with 1a-b. One equivalent of 1-hexyne

adds rapidly and regioselectively to 1a-b to give [Ru(Z5-indenyl)-

(k2-BunCQCHPR2)(PPh3)] (4a-b, Scheme 3) as the major

product, along with a small impurity of the alkynyl isomer,

[Ru(C�CBun)(Z5-indenyl)(PR2H)(PPh3)] (5a-b), as determined

by 31P{1H} NMR. The reaction of one equivalent of diphenyl-

acetylene with 1a-b was much slower (Scheme 3), but even-

tually gave up to 64% conversion to the metallacyclic complex

[Ru(Z5-indenyl)(k2-PhCQCPhPR2)(PPh3)] (6a-b), as determined

by 31P{1H} NMR. As for the terminal alkyne cycloaddition

products 2 and 4, complex 6a-b showed diagnostic upfield
31P chemical shifts for the phosphorus in the metallacycle

(�19 ppm (a), �8 ppm (b)). However, the longer reaction times

resulted in some decomposition to the orthometallated complex

7a-b,8b along with some minor, unidentified by-products.

The formation of phosphametallacyclobutenes 2, 4, and 6 is

an unusual example of the insertion of alkynes into a well-

characterized late M–P bond. It is distinct from the mecha-

nism of P–C bond formation proposed for the lanthanide- and

calcium-catalyzed alkyne hydrophosphinations described

above, in that this insertion is occurring at a MQPR2 double

bond instead of a single bond. In this respect these reactions

more closely resemble the observed [2+2]-cycloaddition of

alkynes at early metal phosphinidene16 and imido17 complexes,

the latter of which has been shown to be responsible for the

N–C bond forming step in the catalytic hydroamination of

alkynes by primary amines.18 Our observation of rapid [2+2]-

cycloaddition of the electron-rich 1-hexyne, as well as that of

the more activated substrate phenylacetylene, suggests that

these P–C bond-forming reactions do not rely on a step-

wise mechanism involving nucleophilic attack of the basic

phosphido ligand at an electrophilic carbon, and this is

supported by the high rate of cycloaddition relative to the

competing deprotonation of these terminal alkynes. These

results, and the much slower rate of cycloaddition we observe

Fig. 1 Molecular structure of 2a.15 The hydrogen atom attached to

C(9) is shown with arbitrarily small thermal parameters; all other

hydrogen atoms are not shown. Selected interatomic distances (Å) and

bond angles (1): Ru–P(1) = 2.3323(6), Ru–P(2) = 2.2978(6), Ru–C(8) =

2.065(2), Ru–C* = 1.931, P(1)–C(9) = 1.783(2), C(8)–C(9) =

1.347(3), D = 0.12; P(1)–Ru–P(2) = 91.89(2), P(1)–Ru–C(8) =

65.63(6), P(2)–Ru–C(8) = 92.45(6), P(1)–Ru–C* = 135.4,

P(2)–Ru–C* = 125.6, C(8)–Ru–C* = 126.9, Ru–P(1)–C(9) =

85.17(7), Ru–C(8)–C(9) = 109.30(15), Ru–C(8)–C(11) = 128.42(15),

C(9)–C(8)–C(11) = 122.2(2), P(1)–C(9)–C(8) = 98.80(15).

Fig. 2 Molecular structure of 3a.15 The hydrogen atom attached to

P1 is shown with arbitrarily small thermal parameters; all other

hydrogen atoms are not shown. Selected interatomic distances (Å)

and bond angles (1): Ru–P(1) = 2.2539(4), Ru–P(2) = 2.2890(4),

Ru–C(10) = 2.0143(15), Ru–C* = 1.930, P(1)–H1P = 1.327(18),

C(10)–C(11) = 1.219(2), D = 0.09; P(1)–Ru–P(2) = 92.553(15),

P(1)–Ru–C(10) = 78.79(4), P(2)–Ru–C(10) = 90.46(4), P(1)–Ru–C* =

129.3, P(2)–Ru–C*= 125.6, C(10)–Ru–C*= 126.1, Ru–C(10)–C(11) =

172.82(13), C(10)–C(11)–C(12) = 174.59(17).
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for the internal alkyne diphenylacetylene, are consistent with a

possible concerted mechanism, similar to that we observe for

the cycloaddition of alkenes at 1a-b.9 Further experiments will

be required to confirm this and/or to investigate the alternative,

conventional migratory insertion, which would require prior

coordination of the alkyne ligand at ruthenium.19 We continue

to probe the mechanism of these reactions, to better understand

the regioselectivity of the addition of terminal alkynes.

Currently we are investigating conditions allowing cleavage

of the Ru–C bond in these metallaphosphacyclobutenes,

including putative catalytic hydrophosphination conditions

involving excess secondary phosphine and alkyne,20 and the

addition of electrophilic reagents to promote the stoichiometric,

stereoselective formation of new alkenyl phosphines. We note

also the broader synthetic possibilities that are presented by the

a,b-unsaturation in these strained 2-phosphinovinyl metalla-

cycles: addition reactions are envisaged that may allow the

systematic elaboration of new tertiary phosphine structures.

We thank the NSERC of Canada for financial support.
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