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The reaction of buta-1,3-diyne with [Ru(thf)(PPh3)2(η-C5H5)]
1 (thf = tetrahydrofuran) to give

[Ru(C]]C]]C]]CH2)(PPh3)2(η-C5H5)]
1 has been studied. This complex adds nucleophiles at Cγ, as expected

from theory and consideration of the protection afforded to Cα by the bulky PPh3 ligands. The products
were alkenylethynyl complexes (from aprotic nucleophiles) or methylallenylidene complexes (from protic
nucleophiles, with H migration to Cδ). With water, the complex [Ru{C]]]CC(O)Me}(PPh3)2(η-C5H5)] is formed.
The single-crystal structures of [Ru{C]]C]]CMe(X)}(PPh3)2(η-C5H5)][PF6] (X = NPh2 or C4H3NMe-2) and
[Ru(C]]]CCH]]CHCl-trans)(PPh3)2(η-C5H5)] have been determined.

The chemistry of transition-metal complexes containing
unsaturated carbene ligands continues to attract attention.
Most is known about the simplest of these ligands, vinylidene,1

and complexes containing these species are likely intermediates
in coupling of alkynes to give enynes 2 or butatrienes,3 and in
the synthesis of unsaturated ketones from alkynes and allylic
alcohols.4 The next higher member, allenylidene, is receiving
increased attention, and much novel chemistry has been
reported recently.1,5 Complexes containing five-carbon chains
have recently been isolated for the first time, albeit protected
with aryl groups,6,7 while a complex with a seven-carbon chain
is considered to be an intermediate in the formation of an
alkenylpentatrienylidenetungsten derivative.8 However, com-
plexes containing even-numbered carbon chains appear to be
restricted to the ruthenium–butatrienylidene complex trapped
by addition of trifluoroacetate to Cγ described by Lomprey and
Selegue.9

Theoretical calculations on the reactivity of unsaturated
carbon chains attached to metals suggest 10 that the carbon
atoms are alternatively electron-poor and electron-rich, as
one moves along the chain from the metal centre:
M]]Cα

δ1]]Cβ
δ2]]Cγ

δ1]]Cδ
δ2]] . . . This behaviour is also found in

the case of alkynyl ligands, in which Cβ is a strong nucleophile,
being readily attacked by electrophiles such as H1, R1, R9N2

1

(R9 = aryl), Me3S
1 or C7H7

1, for example.1 The protonation of
vinylidenes to carbynes reflects the ease of addition of electro-
philes to Cβ.

11 Similarly, allenylidene complexes are well known
for their tendency to add nucleophiles at Cγ.

5,12 Extensive stud-
ies of the series of complexes containing Ru(PR3)2(η-C5H5) or
Ru(PR3)2(ind) (ind = η5-C9H7) have been reported recently.13–15

We have begun an investigation into the chemistry of both
mono- 16 and poly-nuclear complexes 17 derived from 1,3-diynes.
In particular, we were interested to determine whether addition
of 1-substituted 1,3-diynes to metal centres where the 1,2-H
shift is well established for alk-1-ynes would proceed analo-
gously to give alkynylvinylidenes or would lead to the sought-
after butatrienylidenes. As far as we are aware, the only report
describing a derivative of this ligand is that of Lomprey and
Selegue,9 mentioned above, who treated [Ru{C]]]CC(O)-
Pri}(PPh3)2(η-C5H5)] with (CF3CO)2O to give [Ru{C]]]CC-
(OCOCF3)CMe2}(PPh3)2(η-C5H5)] which was considered to
resemble the corresponding cation [Ru(C]]C]]C]]CMe2)-
(PPh3)2(η-C5H5)]

1 trapped by addition of a trifluoroacetate
anion to Cγ. We have recently communicated the synthesis of a
cationic intermediate, obtained from reactions between

[Ru(thf)(PPh3)2(η-C5H5)]
1 (thf = tetrahydrofuran) and buta-

1,3-diyne, which appears from its reactions to be a complex
containing the parent ligand, :C]]C]]C]]CH2.

18 This paper
reports these studies in detail, including X-ray structural studies
of derived alkynyl complexes. In a separate investigation, we
have also found that combination of a cluster-bound C2 ligand
with vinylidene, produced in situ from HC]]]CSiMe3, followed by
desilylation, produces the same ligand, which is stabilised by an
Ru5 cluster.19

Results
Synthesis of [Ru(C]]C]]C]]CH2)(PPh3)2(ç-C5H5)]

1 4

The synthesis of [Ru(C]]]CC]]]CH)(PPh3)2(η-C5H5)] 2 (Scheme 1)
was readily achieved by reaction of [Ru(thf)(PPh3)2(η-C5H5)]

1

1 {obtained in solution from [RuCl(PPh3)2(η-C5H5)] and AgPF6

in tetrahydrofuran, followed by removal of the precipitated
AgCl} with LiC]]]CC]]]CH (from LiBu and buta-1,3-diyne). This
chemistry has been described elsewhere 20 and the product is
accompanied by the µ-C4 complex [{Ru(PPh3)2(η-C5H5)}2(µ-C4)]
3, which is also the source of much interesting chemistry.21

Protonation of complex 1 occurred directly at Cδ to give the
cationic butatrienylidene complex [Ru(C]]C]]C]]CH2)(PPh3)2(η-
C5H5)]

1 4, the first complex containing the parent ligand to
be characterised. The synthesis of 4 was more conveniently
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performed by the direct reaction of buta-1,3-diyne with
[Ru(thf)(PPh3)2(η-C5H5)]

1.20 The compound is exceedingly
reactive and we have not been able to isolate it in a pure state.
Instead, it has been characterised by examining the products
obtained from reactions with a variety of substrates.

We have not been able to determine whether formation of
complex 4 proceeds via an initial 1,2-H shift to give the ethynyl-
vinylidene complex, which then further rearranges to 4, or
whether a direct 1,4-H shift is involved. The vinylidene would
be expected to be a relatively strong acid [cf. the pKa for the
C]]CHMe complex of 7.78 (in thf–water, 2 :1)],22 so that migra-
tion of the proton from Cβ to Cδ would be expected to be a
facile process.

The structure of complex 4 can be expressed as a series of
mesomeric formulae 4a–4c, from which the electron-poor
nature of Cα and Cγ can be appreciated, in agreement with the
more sophisticated molecular orbital (MO) studies discussed
below. Consequently, addition of nucleophiles at either of these

[Ru]1]]C]]C]]C]]CH2 ⇐⇒ [Ru]]C1]]C]]C]]CH2 ⇐⇒
4a 4b

[Ru]]C]]]C]C1]]CH2

4c

carbon atoms would be expected. However, the steric protection
afforded to Cα by the large PPh3 ligands suggests that addition
to Cγ would be preferred.

Reactions of [Ru(C]]C]]C]]CH2)(PPh3)2(ç-C5H5)]
1 4 (Schemes 2

and 3)

(a) PPh3. The reaction of complex 4 with PPh3 gave the
cationic alkenynyl complex [Ru{C]]]CC(PPh3)]]CH2}(PPh3)2-
(η-C5H5)][PF6] 6 as a yellow powder. The IR spectrum
contains ν(C]]]C) at 2032 cm21, while the 1H NMR spectrum
contains the C5H5 resonance at δ 4.03. In the 13C NMR spec-
trum the Ru]C resonance is found at δ 110.4 and the C5H5

resonance at δ 85.7. These data are consistent with the substi-
tuted ethynyl formulation illustrated, in which the positive
charge is localised on the phosphonium P atom, rather than a
vinylidene-like tautomer.

(b) NHPh2. In complex 4, protonic nucleophiles are expected
to react with the metal, or with Cα or Cγ. An intramolecular
migration of the proton to Cβ or Cδ can also occur. The reaction
with NHPh2 proceeds via nucleophilic addition to Cγ to give the
allenylidene complex [Ru{C]]C]]CMe(NPh2)}(PPh3)2(η-C5H5)]

1

7. In the IR spectrum of 7 a band at 1998 cm21 can be assigned
to the Ru]]C]]C]]C system, while in the 13C NMR spectrum the
metal-bonded carbon is found at δ 219.2. Atoms Cβ and Cγ

resonate at δ 153.0 and 145.4 (although they cannot be specific-
ally assigned). The C5H5 group gives rise to the resonances at
δ 4.29 (1H) and 88.7 (13C). No evidence for the formation of the

Scheme 2
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isomeric vinylidene cation [Ru{C]]CHC(NPh2)]]CH2}(PPh3)2-
(η-C5H5)]

1 was obtained.
The crystal structure of complex 7 was reported in our pre-

liminary communication,18 but the salient features (Fig. 1,
Table 1) are worthy of discussion here. A conventional
Ru(PPh3)2(η-C5H5) group is attached to the heterosubstituted
vinylidene via C(1) [Ru]C(1) 1.94(1) Å], with the C(1)]C(2) and
C(2)]C(3) separations being 1.22(2) and 1.36(2) Å, respectively
(values for molecule 1 given: those for molecule 2 did not
differ significantly). Two tautomeric forms 7a and 7b may be
written and the relative shortness of the C(1)]C(2) separation
implies a major contribution from the alkynyl tautomer [Ru-
(C]]]CCMe]]N1Ph2)(PPh3)2(η-C5H5)] 7b, which contributes to
the stability of this complex. The three-carbon chain is approx-
imately linear [angles at C(1) and C(2) are 174(1) and 173(2)8,
respectively].

[Ru]1]]C]]C]]CMe(NPh2) ⇐⇒ [Ru]]C]]]C]CMe]]N1Ph2

7a 7b

(c) Water. With water the acetylethynyl complex [Ru{C]]]

CC(O)Me}(PPh3)2(η-C5H5)] 5, was obtained. This complex has
been fully characterised by an X-ray structural study20 so the
only comment we make here is that it is probably formed by
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Table 1 Significant bond lengths (Å) and angles (8) for complexes 7, 9
and 11

Ru]P(1)
Ru]P(2)
Ru]C (C5H5)

(average)
Ru]C(1)
C(1)]C(2)
C(2)]C(3)
C(3)]C(4)
C(3)]C(30)
C(3)]C(31)
C(4)]Cl(4)
C(3)]N

P(1)]Ru]P(2)
P(1)]Ru]C(1)
P(2)]Ru]C(1)
Ru]C(1)]C(2)
C(1)]C(2)]C(3)
C(2)]C(3)]C(4)
C(2)]C(3)]C(30)
C(2)]C(3)]C(31)
C(2)]C(3)]N
C(3)]C(4)]Cl(4)

7 (molecules 1, 2)

2.306(4), 2.306(4)
2.306(4), 2.310(5)
2.21–2.27(2)
2.24
1.94(1), 1.97(1)
1.22(2), 1.18(2)
1.36(2), 1.41(2)

1.50(2), 1.50(2)

1.33(2), 1.34(2)

100.0(1), 102.0(1)
92.1(4), 92.7(4)
89.7(1), 88.0(4)
174(1), 171(1)
173(2), 178(2)

121(1), 120(1)
122(1), 120(1)

9

2.312(3)
2.313(4)
2.21–2.26(1)
2.24
1.92(1)
1.24(2)
1.37(2)

1.49(1)
1.40(2)

99.6(1)
87.9(3)
92.2(3)

173.5(8)
172(1)

118(1)
125.7(9)

11

2.289(2)
2.286(2)
2.210–2.242(8)
2.229
2.002(6)
1.206(9)
1.41(1)
1.26(1)

1.71(1)

102.08(7)
90.1(2)
85.0(1)

176.5(5)
175.3(6)
126.9(7)

125.4(7)
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Fig. 1 Plot of cation 1 in [Ru{C]]C]]CMe(NPh2)}(PPh3)2(η-C5H5)][PF6] 7, showing the atom numbering scheme (cation 2 is similar). In all figures,
non-hydrogen atoms are shown as 20% thermal ellipsoids; hydrogen atoms have arbitrary radii of 0.1 Å

addition of water to Cα, followed by elimination of one proton
and migration of the second proton to the CH2 group (Scheme
4). These reactions also afforded small amounts of the oxid-
ation product, namely [Ru(CO)(PPh3)2(η-C5H5)][PF6] 8. Form-
ation of both 5 and 8 occurs rapidly in air and is the major
cause of the instability of 4.

(d ) N-Methylpyrrole. The electron-rich aromatic heterocycle
N-methylpyrrole reacts by attack at Cγ and proton migration
to give the allenylidene complex [Ru{C]]C]]CMe(C4H3NMe)}-
(PPh3)2(η-C5H5)][PF6] 9. The strong electron-donor effect of
the pyrrolic nucleus is shown by the large low-field shift found
for the C5H5 protons (δ 4.78). In the 13C NMR spectrum Cα

is found at δ 256.7, while Cβ and Cγ are at δ 167.4 and 146.0
(again these cannot be distinguished). Isomerisation to the
vinylidene [Ru{C]]CHC(C4H3NMe)]]CH2}(PPh3)2(η-C5H5)]

1

was not found.

Molecular structure of complex 9

Fig. 2 shows a plot of the cation in complex 9 and selected
bond parameters are collected in Table 1. The familiar pseudo-
octahedral geometry about ruthenium is found, with P]Ru]P
or P]Ru]C angles of between 87.9 and 99.6(1)8. Of interest is
the allenylidene ligand, which is attached to Ru by C(1) [1.92(1)
Å], which value can be compared with that in the previously
described [Ru(C]]C]]CPh2)(PMe3)2(η-C5H5)]

1 cation [1.884(5)
Å].9 Within the three-carbon chain, which is almost linear
[angles at C(1) and C(2) are 173.5(8) and 172(1)8, respect-
ively], the C(1)]C(2) and C(2)]C(3) separations are 1.24(2) and
1.37(2) Å. As for 7 above, two mesomeric forms 9a and 9b can

Scheme 4
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be written and the short C(1)]C(2) separation again suggests
that the alkyne mesomer 9b is a significant contributor to the
observed structure. Angles at C(3) sum to 360.08, although
individual ones differ significantly from the expected value of
1208 because of the relative sizes of the pyrrolyl and Me
groups.

Some reactions of complexes 6, 7 and 9

Further protonation of complex 6 was achieved by addition
of HPF6 with formation of the dicationic vinylidene com-
plex [Ru{C]]CHC(PPh3)]]CH2}(PPh3)2(η-C5H5)][PF6]2 10. This
complex was characterised spectroscopically, the three protons
of the vinylidene ligand being found at δ 4.14 (on Cβ) and 5.92
and 6.42 (cis and trans to P on Cδ).

A slow reaction of complex 7 with CH2Cl2 afforded the
chlorovinylalkynyl complex [Ru(C]]]CCH]]CHCl-trans)(PPh3)2-
(η-C5H5)] 11, which was identified from an X-ray structural
determination. The IR spectrum contains ν(C]]]C) and ν(C]]C)
bands at 2056 and 1616 cm21, respectively, while M1 is found at
m/z 776 in the FAB mass spectrum. These data are in accord
with the solid-state structure.

Molecular structure of complex 11

Fig. 3 contains a plot of a molecule of complex 11 and signi-
ficant bond parameters are collected in Table 1. Again, the
pseudo-octahedral geometry about Ru is shown by the P]Ru]P
and P]Ru]C angles of between 85.0 and 102.08(7)8; in this case
the distortions from octahedral geometry about Ru are more
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Fig. 2 Plot of the cation in [Ru{C]]C]]CMe(C4H3NMe)}(PPh3)2(η-C5H5)][PF6] 9, showing the atom numbering scheme

Fig. 3 Plot of a molecule of [Ru(C]]]CCH]]CHCl)(PPh3)2(η-C5H5)] 11, showing the atom numbering scheme

marked than found in 9. Complex 11 contains the first structur-
ally characterised example of a vinylacetylide ligand attached
to the Ru(PPh3)2(η-C5H5) moiety. Within the four-carbon chain
C(1)–C(4) the C–C separations are 1.206(9), 1.41(1) and 1.26(1)
Å, respectively, consistent with a sequence of triple, single and
double bonds, the latter seemingly affected by libration. Angles
at C(1)–C(4) are 176.5(5), 175.3(6), 126.9(7) and 125.4(7)8,
respectively and support the vinylacetylide formulation even
though the H atoms attached to C(3) and C(4) were not located.
Importantly, the structural determination revealed the presence
of the Cl atom on C(4) [C(4)]Cl 1.71(1) Å], thus solving the
problem of identity.

Deprotonation of complex 9 was achieved with LiBu to
give the related vinylalkynyl complex [Ru{C]]]CC(C4H3NMe)]]
CH2}(PPh3)2(η-C5H5)] 12. The reaction is easily reversible,
protonation of 12 being observed even with water. The IR spec-

trum of 12 contains ν(C]]]C) at 2060 cm21, while the 13C NMR
spectrum has resonances at δ 104.0 (Ru]C) and 106.5 and 107.8
(for Cγ and Cδ).

Discussion
The experiments described above have shown that the complex
formed from [Ru(thf)(PPh3)2(η-C5H5)]

1 and buta-1,3-diyne
is likely to contain the parent butatrienylidene ligand,
:C]]C]]C]]CH2.

18 This is deduced not only from its method of
preparation from the diyne, but also from the products of its
reactions with selected nucleophiles, which attack Cγ of  the
four-carbon chain, as predicted by theory. If  the intermediate
was the ethynylvinylidene, nucleophilic attack is expected to
occur (with difficulty) at Cα.

Our studies are the first to have been reported on the chem-
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istry of this unsaturated carbene. Addition of nucleophiles to
Cγ results in the formation of new C]E (E = P, N or O) bonds.
If  the nucleophile contains a hydrogen atom, accompanying
proton migration to Cδ gives a methyl-substituted allenylidene
complex, while if  an aprotic reagent is used then simple add-
ition to give a cationic vinylalkynyl complex occurs.

Further reactions of several of these products have been
studied. Thus, protonation of the cationic PPh3 adduct 6, in
which the positive charge is presumably centred on the P atom,
results in addition to Cβ to give a dicationic vinylvinylidene
derivative. Conversely, deprotonation of the N-methylpyrrolyl
adduct 9 results in further stabilisation of the acetylenic centre
found in the cation by loss of one of the methyl protons. This
reaction is readily reversible, addition of water being sufficient
to reform the cationic complex 9.

It is presently unclear how the unusual replacement of the
NPh2 group in complex 7 proceeds. One possibility is attack
of CH2Cl2 by the Ru]C]]]C]C(N1HPh2)]]CH2 mesomer, with
subsequent elimination of HCl and formation of [NH2Ph2]Cl.
Alternatively, traces of HCl may cause deamination of 7,
regenerating 1, which could react with chloride at Cδ to give 11.

In summary, we have shown that the butatrienylidene ligand
in complex 4 undergoes at least three characteristic reactions
with nucleophiles, namely: (i) addition of aprotic nucleophiles
(such as PPh3) to Cγ gives alkenylethynyl complexes in which
the positive charge is centred on the heteroatom; (ii) addition of
protic nucleophiles (such as NHPh2) to Cγ is accompanied by
proton migration to Cδ to give methylallenylidene derivatives;
(iii) addition of oxygen nucleophiles (such as water) is followed
by loss of proton to give the acylalkynyl complex 5.

These complexes can be readily distinguished by their IR
ν(CC) spectra, with the alk-1-ynyl ligand having an absorption
between 2030 and 2060 cm21, the allenylidene ligand with an
absorption between 1950 and 2000 cm21 and the vinylidene
ligand having an absorption at ca. 1615 cm21.

Experimental
Instrumentation

IR: Perkin-Elmer 1700X Fourier-transform spectrometer.
NMR: Bruker CXP300 or ACP300 spectrometer (1H at 300.13
MHz, 13C at 75.47 MHz). FAB mass spectrum: VG ZAB 2HF
instrument (using 3-nitrobenzyl alcohol as matrix, exciting gas
Ar, FAB gun voltage 7.5 kV, current 1 mA, accelerating poten-
tial 7 kV).

General reaction conditions

Reactions were carried out under an atmosphere of nitrogen;
solvents were distilled under nitrogen before use. The complex
[RuCl(PPh3)2(η-C5H5)] was obtained from RuCl3?nH2O, PPh3

and cyclopentadiene as described previously.23 Buta-1,3-diyne
was prepared from 1,4-dichlorobut-2-yne.24 CAUTION: care
must be taken not to isolate neat buta-1,3-diyne. The work
described herein was carried out using a solution of the diyne,
obtained by condensing the diyne directly into diethyl ether or
tetrahydrofuran at 278 8C.

Preparations

[Ru(C]]]CC]]]CH)(PPh3)2(ç-C5H5)] 2. An excess of buta-1,3-
diyne (21 mg, 0.42 mmol, as a 0.1  solution in EtO) was
treated with LiBu (0.234 mmol) at 220 8C. A filtered solution
of [Ru(thf)(PPh3)2(η-C5H5)][PF6] {from [RuCl(PPh3)2(η-C5H5)]
(150 mg, 0.207 mmol) and AgPF6 (54 mg, 0.213 mmol) in thf
(2 cm3)} was added. After 10 min the solution was evaporated
and the residue extracted with CH2Cl2 (3 cm3). Chromatography
(alumina, 15 × 1 cm column) afforded [Ru(C]]]CC]]]CH)-
(PPh3)2(η-C5H5)] (85 mg, 0.115 mmol, 56%) as a yellow powder,
m.p. 115 8C (decomp.), as a mono-thf solvate.

[Ru(C]]C]]C]]CH2)(PPh3)2(ç-C5H5)][PF6] 4 and its reactions
with nucleophiles. General procedure. A solution of AgPF6 (954
mg, 0.213 mmol) in thf (2 cm3) was treated with [RuCl-
(PPh3)2(η-C5H5)] (150 mg, 0.207 mmol) in thf (7 cm3). The
mixture was filtered into a solution of buta-1,3-diyne (0.234
mmol, 2  solution in Et2O) containing the nucleophile (0.234
mmol in 7 cm3 thf). After 15 min the reaction mixture was
evaporated to dryness and the residue extracted with CH2Cl2

(3 cm3). The product was isolated by column chromatography
on alumina, eluting with Et2O–CH2Cl2 (2 :1).

(a) [Ru{C]]]CC(PPh3)]]CH2}(PPh3)2(η-C5H5)][PF6] 6. As
above, from PPh3 (61 mg, 0.233 mmol), as a yellow powder,
containing 1 equivalent of thf (150 mg, 0.131 mmol, 63%),
m.p. 102 8C (decomp.) (Found: C, 66.73; H, 5.01. Calc. for
C63H52F6P4Ru?C4H8O: C, 65.95; H, 4.96%). IR (Nujol): 2032s
[ν(C]]]C)], 1586w, 1573w, 1548w, 1438s, 1186w, 1159w, 1110m,
1090m, 1070w, 840s [ν(PF)], 742m and 696s cm21. 1H NMR:
δ(CDCl3) 7.8–7.1 (45 H, m, PPh3), 6.08 [1 H, d, 3J(PH) = 47.7,
trans CH2], 5.38 [1 H, d, 3J(PH) = 19.8 Hz, cis CH2], 4.03 (5 H,
s, C5H5), 3.75 and 1.85 (both 2 H, thf). 13C NMR (CDCl3): δ
149.8, 137.9 (m, ipso-C, Ru]PPh3), 134.4–127.5 (m, PPh3),
119.4 and 118.2 [2 × s, C(2) and C(4)], 116.6 [d, 1J(PC) = 79.8,
C(3)], 110.4 [t, 2J(PC) = 9.6 Hz, C(1)], 85.7 (C5H5), 67.9 and
25.6 (2 × s, both CH2, thf). Mass spectrum (FAB): m/z (%) 1003
(80, M1), 741 (100, [M 2 PPh3]

1) and 479 (70, [M 2 2PPh3]
1).

(b) [Ru{C]]C]]CMe(NPh2)}(PPh3)2(η-C5H5)][PF6] 7[PF6] and
[Ru{C]]C]]CMe(NPh2)}(PPh3)2(η-C5H5)][BF4] 7[BF4]. As
above, from NHPh2 (40 mg, 0.237 mmol). Column chrom-
atography of the reaction mixture with dichloromethane gave
a brown fraction which after removal of the solvent gave
[Ru{C]]C]]CMe(NPh2)}(PPh3)2(η-C5H5)][PF6] 7[PF6] (150 mg,
0.131 mmol, 64%), m.p. 146 8C. The product contains 1 equiv-
alent of thf. Crystals of the 0.5CH2Cl2 solvate were obtained
from CH2Cl2–pentane (Found: C, 64.38; H, 4.82; N, 1.24. Calc.
for C57H48F6NP3Ru?C4H8O: C, 65.00; H, 5.01; N, 1.24%). IR
(Nujol): 1998s [ν(C]]C]]C)], 1591w, 1492s, 1436s, 1091m, 1070w,
842s [ν(PF)], 747m and 697s cm21. 1H NMR: δ(CDCl3) 7.7–6.9
(40 H, m, PPh3 1 NPh2), 4.29 (5 H, s, C5H5), 3.75 and 1.85
(both 2 H, thf) and 2.11 (3 H, s, CH3). 

13C NMR: δ(CDCl3)
219.2 [t, 2J(PC) = 21, Ru]]C], 153.0 (Ru]]C]]C), 145.4
(Ru]]C]]C]]C), 143.0 and 136.6 (both ipso-C, NPh2), 135.0 (m,
ipso-C, PPh3), 133.2 and 129.7 [t, 3J(PC) = 5, 4J(PC) = 4 Hz,
C(2) or C(6) and C(3) or C(5), PPh3], 130.3–117.6 (m, NPh2),
129.7 [C(4), PPh3], 88.7 (C5H5), 67.9 and 25.6 (both CH2, thf),
26.4 (CH3). Mass spectrum (FAB): m/z (%) 910 (100, M1) and
648 (95, [M 2 PPh3]

1).
The salt 7[BF4] (145 mg, 0.136 mmol, 66%), m.p. 214 8C

(decomp.), was obtained similarly, using AgBF4 in place of
AgPF6. It contains 1 equivalent of Et2O as shown in its NMR
spectrum. Crystals of the analytical sample were obtained as
the 0.5CH2Cl2 solvate from CH2Cl2–pentane (Found: C, 66.33;
H, 4.78; N, 1.31. Calc. for C57H48BF4NP2Ru?0.5CH2Cl2: C,
66.45; H, 4.75; N, 1.35%). IR (Nujol): 1997s [ν(C]]C]]C)], 1591w,
1573w, 1436m, 1313w, 1184m, 1119m, 1090s, 1057s [ν(BF)],
1001m, 834w, 814w, 746m and 696s cm21. 1H NMR: δ(CDCl3)
7.6–7.01 (40 H, m, PPh3 1 NPh2), 4.23 (5 H, s, C5H5), 3.40 (2 H,
q, CH2 of  Et2O), 2.06 (3 H, s, CH3) and 1.13 (3 H, t, CH3 of
Et2O). 13C NMR: δ(CDCl3) 218.9 [t, 2J(PC) = 21, Ru]]C], 153.0
(Ru]]C]]C), 145.4 (Ru]]C]]C]]C), 141.5 and 136.5 (both ipso-C,
NPh2), 136.2 (m, ipso-C, PPh3), 133.1 and 129.4 [both t,
3J(PC) = 5, 4J(PC) = 4 Hz, C(2) or C(6) and C(3) or C(5), PPh3],
132.0–126.1 (m, NPh2), 129.4 [C(4), PPh3], 88.7 (C5H5), 65.7
(CH2 of  Et2P), 26.4 (CH3) and 15.16 (CH3 of  Et2O). Mass spec-
trum (FAB): m/z (%) 910 (100, M1) and 648 (95, [M 2 PPh3]

1).
(c) [Ru{C]]]CC(O)Me}(PPh3)2(η-C5H5)] 5 and [Ru(CO)-

(PPh3)2(η-C5H5)][PF6] 8. The solution of cation 4, prepared as
described above, was treated with water, MeOH or EtOH (1
cm3). Column chromatography of the mixture with Et2O gave a
yellow fraction which after evaporation of the solvent gave 5
(60 mg, 0.079 mmol, 38%) m.p. 233 8C (decomp.) (lit.,20 m.p.



472 J. Chem. Soc., Dalton Trans., 1998, Pages 467–473

233 8C). Yellow crystals were obtained from dichloromethane–
pentane. Further elution with CH2Cl2 gave yellow 8 (80 mg,
45%) m.p. 128 8C (decomp.).

Complex 5 (Found: C, 70.60; H, 5.02. Calc. for C45H38O-
P2Ru: C, 71.32; H, 5.05%): IR (Nujol) 2040 and 2000s [ν(C]]]C)],
1615s [ν(CO)], 1479m, 1435s, 1343w, 1216m, 1094m, 1086m,
862w, 833m, 810m, 755m, 741s and 693s cm21; 1H NMR
δ(CDCl3) 7.6–6.86 (12 :6 : 12, 30 H, m, PPh3), 4.39 (5 H, s,
C5H5) and 1.99 (3 H, s, CH3); 

13C NMR δ(CDCl3) 181.5 (CO),
147.0 [t, 2J(PC) = 23, RuC], 138.1 (m, ipso-C, PPh3), 133.5 and
127.4 [both d, 3J(PC) = 5, 4J(PC) = 4 Hz, C(2) or C(6) and C(3)
or C(5), PPh3], 128.8 [C(4), PPh3], 122.4 [C(2)], 86.4 (C5H5)
and 32.3 (CH3); mass spectrum (FAB) m/z (%) 758 (100, M1),
691 {10, [Ru(PPh3)2(C5H5)]

1}, 496 (50, [M 2 PPh3]
1) and 429

{100, [Ru(PPh3)(C5H5)]
1}.

Complex 8 (characterised by comparison with an authentic
sample): IR (Nujol) 1975s [ν(CO)], 1560w, 1437s, 1288m,
1285m, 1090m, 845s [ν(PF)], 744m and 696s cm21; 1H NMR
δ(CDCl3) 7.4–7.09 (6 :12 :12, 30 H, m, PPh3) and 4.98 (5 H, s,
C5H5); 

13C NMR δ(CDCl3) 202.8 [t, 2J(PC) = 17 Hz, CO],
132.8 (m, ipso-C, PPh3), 133.5 and 128.3 [both d, C(2) or C(6)
and C(3) or C(5), PPh3], 130.7 [C(4), PPh3] and 90.72 (C5H5);
mass spectrum (FAB) m/z (%) 719 (100, M1), 691 {40, [Ru-
(PPh3)2(C5H5)]

1} and 429 {90, [Ru(PPh3)(C5H5)]
1}.

Alternatively, a solution of [Ru(C]]]CC]]]CH)(PPh3)2(η-C5H5)]
(50 mg, 0.068 mmol) in thf (5 cm3) was treated with HBF4

for 24 h. Evaporation and recrystallisation (CH2Cl2–pen-
tane) gave complex 5 (45 mg, 0.059 mmol, 87%), identified as
above.

(d ) [Ru{C]]C]]CMe(C4H3NMe)}(PPh3)2(η-C5H5)][PF6] 9[PF6]
and [Ru{C]]C]]CMe(C4H3NMe)}(PPh3)2(η-C5H5)][BF4] 9[BF4].
As above, from N-methylpyrrole (19 mg, 0.235 mmol). The mix-
ture immediately turned deep blue and column chromatography
gave a blue fraction which after evaporation of solvent gave
[Ru{C]]C]]CMe(C4H3NMe)}(PPh3)2(η-C5H5)][PF6] 9[PF6] (150
mg, 0.155 mmol, 75%), m.p. 139 8C (Found: C, 61.29; H, 4.60;
N, 1.33. Calc. for C50H44F6NP3Ru: C, 62.11; H, 4.59; N, 1.45%).
IR (Nujol): 1948s [ν(C]]C]]C)], 1532m, 1464m, 1436s, 1343m,
1090m, 1057m, 840s [ν(PF)], 744m and 696s cm21. 1H NMR:
δ(CDCl3) 7.6–7.17 (33 H, m, PPh3 1 C4H3N), 4.78 (5 H, s,
C5H5), 4.39 (3 H, s, NCH3) and 2.06 (3 H, s, CH3). 

13C NMR
(13C]1H coupled): δ(CDCl3) 256.7 [t, 2J(PC) = 20, Ru]]C], 167.4
(s, Ru]]C]]C), 146.0 (s, Ru]]C]]C]]C), 140.5 [s, C(2), C4H3N],
140.5 [d, 1J(CH) = 189, C(3), C4H3N], 135.6 (m, ipso-C, PPh3),
133.1 and 128.5 [both d, both 1J(CH) = 162, C(2) or C(6) and
C(3) or C(5), PPh3], 129.1 [d, 1J(CH) = 161, C(4), PPh3], 125.1
and 112.6 [both d, 1J(CH) = 183 and 177, C(4) and C(5),
C4H5N], 90.3 [d, 1J(CH) = 179, C5H5], 38.5 [q, 1J(CH) = 141,
NCH3] and 27.8 [q, 1J(CH) = 129 Hz, CH3]. Mass spectrum
(FAB): m/z (%) 822 (100, M1), 560 (90, [M 2 PPh3]

1), 494 (25,
[M 2 PPh3 2 C4H4N]1) and 429 {30, [Ru(PPh3)(C5H5)]

1}.
The BF4 salt was obtained by using AgBF4 instead of AgPF6.

Column chromatography gave a deep blue fraction containing
[Ru{C]]C]]CMe(C4H3NMe)}(PPh3)2(η-C5H5)][BF4] 9[BF4] (155
mg, 0.189 mmol, 91%), m.p. 143 8C (Found: C, 66.33; H,
4.78; N, 1.31. Calc. for C50H44BF4NP2Ru: C, 66.09; H, 4.88;
N, 1.54%). IR (Nujol): 1951s [ν(C]]C]]C)], 1586w, 1575w, 1535m,
1481s, 1403m, 1199w, 1160w, 1090m, 1056s [ν(BF)], 746m and
697s cm21. 1H NMR: δ(CDCl3) 7.7–7.0 (33 H, m, PPh3 1
C4H3N), 4.79 (5 H, s, C5H5), 4.43 (3 H, s, NCH3) and 2.06 (3 H,
s, CH3). 

13C NMR: δ(CDCl3) 256.0 [t, 2J(PC) = 20 Hz, RuC],
166.7 (s, Ru]]C]]C), 141.0 (s, Ru]]C]]C]]C), 140.5 [s, C(2) and
C(3), C4H3N], 133.1 [m, ipso-C, PPh3 and C(2) or C(6), PPh3],
130.1 [C(4), PPh3], 128.2 [C(3) or C(5), PPh3], 125.2 and 112.8
[C(4) and C(5), C4H3N], 90.3 (C5H5), 38.6 (NCH3) and 28.8
(CH3). Mass spectrum (FAB): m/z (%) 822 (100, M1), 560 (90,
[M 2 PPh3]

1), 494 (30, [M 2 PPh3 2 C4H4N]1) and 429 {25,
[Ru(PPh3)2(C5H5)]

1}.

[Ru{C]]CHC(PPh3)]]CH2}(PPh3)2(ç-C5H5)][PF6]2 10. Hexa-

fluorophosphoric acid (0.1 mmol in 3 cm3 dichloromethane)
was added to [Ru{C]]]CC(PPh3)]]CH2}(PPh3)2(η-C5H5)][PF6] 6
(100 mg, 0.082 mmol) in CH2Cl2 (4 cm3). The mixture was
evaporated and the residue was washed with Et2O (3 × 2 cm3)
to give [Ru{C]]CHC(PPh3)]]CH2}(PPh3)2(η-C5H5)][PF6]2 10 as
a white powder (90 mg, 0.070 mmol, 85%), m.p. 137 8C
(decomp.). The compound decomposes slowly and a 13C NMR
spectrum could not be obtained (Found: C, 58.03; H, 4.10.
Calc. for C63H53F12P5Ru: C, 58.48; H, 4.13%). IR (Nujol):
1615m [ν(C]]C)], 1586w, 1481s, 1438s, 1110m, 1091m, 999w,
840s [ν(PF)], 746m and 697s cm21. 1H NMR: δ(CDCl3) 7.9–6.8
(45 H, m, PPh3), 6.42 [1 H, d, 3J(PH) = 47, trans H]C(4)], 5.92
[1 H, d, 3J(PH) = 17, cis H]C(4)], 5.33 (5 H, s, C5H5) and 4.14
[1 H, d, 3J(PH) = 62 Hz, H]C(2)]. Mass spectrum (FAB): m/z
(%) 1004 (50, M1), 742 (40, [M 2 PPh3]

1), 691 {80, [Ru-
(PPh3)2(C5H5)]

1}, 480 (90, [M 2 2PPh3]
1) and 429 {100,

[Ru(PPh3)(C5H5)]
1}.

[Ru(C]]]CCH]]CHCl)(PPh3)2(ç-C5H5)] 11. Complex 11 was
obtained serendipitously by reaction of [Ru{C]]C]]CMe-
(NPh2)}(PPh3)2(η-C5H5)][PF6] 7[PF6] (40 mg, 0.035 mmol) with
CH2Cl2 at 4 8C over 3 d. Filtration through basic Al2O3 gave
[Ru(C]]]CCH]]CHCl)(PPh3)2(η-C5H5)] 11 (20 mg, 0.026 mmol,
74%) as yellow crystals, m.p. 130 8C, from CH2Cl2–pentane
(Found: C, 68.81; H, 4.78. Calc. for C45H37ClP2Ru: C, 69.63; H,
4.80%). IR (Nujol): 2056s [ν(C]]]C)], 1616w [ν(C]]C)], 1586w,
1572w, 1479s, 1434s, 1311w, 1282w, 1219m, 1093s, 1088s,
1070m, 1027w, 1005w, 1000w, 909m, 831m, 821m, 805m, 751m
and 698s cm21. Mass spectrum (FAB): m/z (%) 776 (80, M1),
691 {100, [Ru(PPh3)2(C5H5)]

1}, 514 (10, [M 2 PPh3]
1) and 429

{95, [Ru(PPh3)(C5H5)]
1}.

[Ru{C]]]CC(C4H3NMe)]]CH2}(PPh3)2(ç-C5H5)] 12. Butyl-
lithium (0.65 cm3 of  a 1.6  solution in hexane; 0.104 mmol)
was added at 0 8C to [Ru{C]]C]]CMe(NPh2)}(PPh3)2(η-C5H5)]

1

7 (100 mg, 0.103 mmol) in thf (10 cm3). The solution im-
mediately became yellow. Evaporation of the filtered solution
gave [Ru{C]]]CC(C4H3NMe)]]CH2}(PPh3)2(η-C5H5)] 12 as a
yellow powder (65 mg, 0.079 mmol, 77%), m.p. 68 8C. It is
sensitive to moisture and traces of acid. Contamination of 12
with solvent precluded reproducible microanalyses (Found: C,
75.29; H, 7.77; N, 1.03. Calc. for C50H43NP2Ru: C, 73.16; H,
5.28; N, 1.71%). IR (Nujol): 2060s [ν(C]]]C)], 1585w, 1435s,
1090m, 739w and 697m cm21. 1H NMR: δ(CDCl3) 7.7–7.0
(33 H, m, PPh3 1 C4H3N), 4.29 (5 H, s, C5H5), 4.22 and 4.21
(both 1 H, d, both 2J = 5.9 Hz, C]]CH2), 3.62 (3 H, s, NCH3).
The other resonances for the C4H3N group could not be
unambiguously identified among the aromatic multiplets. 13C
NMR: δ(CDCl3) 138.8 (ipso-C, PPh3), 133.8 and 127.4 [C(2) or
C(6) and C(3) or C(5), PPh3], 128.7 [C(4), PPh3], 122.5 [C(2)],
121.2 and 120.2 [C(3) and C(4), C4H3N], 107.8 and 106.5 [C(3)
and C(4)], 104 [C(1)], 85.1 (C5H5) and 38.9 (NCH3). Mass
spectrum (FAB): m/z (%) 821 (30, M1), 691 {20, [Ru(PPh3)2-
(C5H5)]

1}, 559 (50, [M 2 PPh3]
1) and 429 {100, [Ru(PPh3)2-

(C5H5)]
1}.

Crystallography

Unique data sets were measured at ca. 295 K within the speci-
fied 2θmax limits using an Enraf-Nonius CAD4 diffractometer
(2θ–θ scan mode; monochromatic Mo-Kα radiation, λ 0.71073

Å); N independent reflections were obtained, No with I > 3σ(I)
being considered ‘observed’ and used in the full-matrix
least-squares refinement after gaussian absorption correction.
Anisotropic thermal parameters were refined for the non-
hydrogen atoms; (x, y, z, Uiso)H were included constrained at
estimated values. Conventional residuals R, R9 on |F | are
quoted, statistical weights derivative of σ2(I) = σ2(Idiff) 1
0.0004σ4(Idiff) being used. Computation used the XTAL 3.0
program system 25 implemented by S. R. Hall; neutral atom
complex scattering factors were employed.
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Table 2 Crystal data and refinement details for complexes 7, 9 and 11

Formula
M
Crystal system
Space group
a/Å
b/Å
c/Å
α/8
β/8
γ/8
U/Å3

Z
Dc/g cm23

F(000)
Crystal size/mm
A*min, max

µ/cm21

2θmax/8
N
No

R
R9

7

C57H48F6NP3Ru?0.5CH2Cl2

1097.5
Monoclinic
Pc (no. 7)
11.666(10)
14.156(13)
31.392(8)

98.01(8)

5134
4
1.42
2244
0.40 × 0.35 × 0.42
1.15, 1.20
4.45
46
7143
5290
0.055 a

0.055 a

9

C50H44F6NP3Ru
966.9
Monoclinic
P21/c (no. 14)
15.673(4)
14.748(3)
21.824(4)

119.88(2)

4374
4
1.47
1976
0.60 × 0.10 × 0.12
1.04, 1.05
5.3
50
5858
2605
0.056
0.051

11

C45H37ClP2Ru
776.3
Triclinic
P1̄ (no. 2)
15.013(9)
11.337(8)
11.027(5)
92.76(4)
95.85(4)
93.03(5)
1862
2
1.38
796
0.25 × 0.37 × 0.55
1.12, 1.24
5.4
50
6525
5643
0.056
0.074

a Preferred hand.

Abnormal features. Components with high thermal motion
(encompassing disorder?) were found in all three structures
[PF6/solvent (7, 9), Cl (11)], resulting in somewhat high resid-
uals and, in the case of complex 11, where it lies within a signifi-
cant feature of the molecule, libration effects on the geometry.

CCDC reference number 186/803.
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