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a b s t r a c t

The five-coordinate complex [RuCl(dppe)2]OTf ([2]OTf) is obtained in high yield by the sequential reduc-
tion of RuCl3 � nH2O to RuCl2(PPh3)3, subsequent phosphine substitution to give trans-RuCl2(dppe)2

(trans-1) and finally chloride abstraction (AgOTf, CH2Cl2). The use of [2]OTf as an entry point to mono-
acetylide complexes trans-RuCl(C„CC6H4R-4)(dppe)2 (3) is described, and represents an alternative
route to the long-standing methods based on cis-RuCl2(dppe)2 (cis-1), which is always prepared as a mix-
ture with the more thermodynamically stable trans isomer when prepared by phosphine substitution
reactions of RuCl2(dmso)4. The molecular structures of [2]OTf, trans-RuCl(C„CC6H4OMe-4)(dppe)2

(3b), trans-RuCl(C„CC6H4Me-4)(dppe)2 (3c) and trans-RuCl(C„CC6H4CO2Me-4)(dppe)2 (3e) are
described. A facile and reproducible synthesis of cis-1 is also reported.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The chemistry of transition metal complexes trans-
RuCl(C„CR)(dppe)2 is very well established [1–10], with a
considerable body of recent research demonstrating the utility
of these moieties in the construction of multimetallic com-
plexes [11–15], optical materials [16–18], including those that
exhibit pH or redox-switchable NLO response [19–25], color-
metric [26] and fluorescent [27] sensing behaviour, the
‘‘wire-like” behaviour that arises from extensive d-p mixing
along the Ru–C„C fragment [28–37], and other characteristics
that make these compounds potentially useful molecular elec-
tronic components [5,33,34,38–41]. The facile replacement of
the chloride ligand in complexes trans-RuCl(C„CR)(dppe)2

either directly or from related vinylidenes with a second alky-
nyl ligand is well documented [1,2,4,17,34,42–44] leading to
the preparation of monometallic, oligomeric, polymeric and
dendritic compounds featuring trans-Ru(C„CR)2(dppe)2 frag-
ments [11,33,40,45–52]. The complexes trans-[Ru(NH3)(C„

CR)(dppe)2]PF6 are also useful reagents in the preparation of
trans-bis acetylides [53].

Complexes of the type trans-RuCl(C„CR)(dppe)2 are most often
prepared from cis-RuCl2(dppe)2 (cis-1) using the method first re-
ported by Dixneuf and colleagues (Scheme 1) [1]. Initial reaction
between cis-1 and NaPF6 or similar salt in dichloromethane affords
the five-coordinate species [RuCl(dppe)2]+ ([2]+), which in turn re-
All rights reserved.

.

acts with terminal alkynes HC„CR to give the mono-chloro, mono-
vinylidene species trans-[RuCl{C@C(H)R}(dppe)2]PF6. Subsequent
deprotonation of the vinylidene affords the corresponding neutral
acetylide trans-RuCl(C„CR)(dppe)2 (3) which can be isolated, or, in
the presence of excess terminal alkyne, triethylamine and NaPF6,
undergo further reaction to give the trans-bis(acetylide) complexes
trans-Ru(C„CR)2(dppe)2 (4).

Conversion of the thermodynamically stable isomer trans-1 to
acetylide complexes trans-RuCl(C„CR)(dppe)2 has been achieved
following reaction of trans-1 with trialkylstannyl alkynes, some-
times in the presence of a CuI catalyst [6,54]. Prolonged (5–
7 day) reaction of the trans-1 with terminal alkynes in the presence
of NaPF6 followed by deprotonation of the resulting vinylidene has
also been shown to afford mono-acetylide complexes trans-
RuCl(C„CR)(dppe)2 [55], the conversion of trans-1 to the active
16-electron species [RuCl(dppe)2]+ under these conditions being
rather slow [10,56].

The use of isolated [RuCl(dppe)2]+ ([2]+) salts as an entry to
acetylide complexes trans-RuCl(C„CR)(dppe)2 and related com-
pounds has recently begun to attract attention [12,14,27,
34,35,57,58]. In this contribution, we detail a convenient prep-
aration of acetylide complexes 3 from trans-1 that takes advan-
tage of the ready abstraction of a chloride ligand from trans-1
by AgOTf in dichloromethane to give the key reagent [2]OTf.
A facile synthesis of cis-1 from [2]OTf is also described for com-
pleteness. The molecular structures of [2]OTf and three aryl
acetylide complexes featuring representative electron donating
(OMe, Me) and withdrawing (CO2Me) groups are also
reported.
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Scheme 1. The preparation of trans-RuCl(C„CR)(dppe)2 from cis-RuCl2(dppe)2 [1].
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2. Results and discussion

2.1. Synthesis

As part of a larger study concerned with the electronic structure
of transition metal acetylide complexes [28,59,60] we desired con-
venient access to complexes trans-RuCl(C„CR)(dppe)2. However,
although cis-1 is often cited as being prepared by the method orig-
inally described by Chaudret et al. [61] for the preparation of cis-
RuCl2(dppm)2, in our hands reaction of RuCl2(dmso)4 [62] with
two equivalents of the bis(phosphine) in toluene at 80 �C produced
only pure trans-1 [10]. At ambient temperature in dichlorometh-
ane under normal laboratory lighting conditions, mixtures of cis-
1 and trans-1 are obtained in ca. 3:1 ratio (estimated here from
integration of 31P NMR resonances) over the course of approxi-
mately 1 h [6,10,39,55,63,64]. By lowering the temperature to
0 �C, the ratio of cis-1:trans-1 can be increased as high as 10:1,
although the reaction becomes very slow, taking well over 24 h
for complete conversion. Careful fractional crystallisation, best car-
ried out in the dark, results in separation of cis-1 and trans-1 from
these mixtures.

The conversion of cis-1 to the active five-coordinate species
[RuCl(dppe)2]+ ([2]+) takes place readily upon reaction with alkali
metal salts including NaPF6 [3] and KPF6 [11], and salts of [2]+

can be isolated from reaction of cis-1 with NaPF6 [42,65], NaOTf
or NaBPh4 [66]. The conversion of trans-1 to salts of [2]+ has been
implicated under similar conditions, although the reaction is con-
siderably slower [10,65]. In contrast, far more facile conversion
of trans-1 to [2]+ is achieved by halide abstraction with Ag(I) salts
[67,68]. Treatment of trans-1 with two equivalents of AgOTf
(dichloroethane, 50 �C) [67] or AgBF4 (THF, room temperature or
dichloromethane [68]) have been reported to yield [2]OTf or
[2]BF4, respectively. The complex [2]OTf has also been isolated
from reaction of mixtures of cis- and trans-1 with the rather carcin-
ogenic reagent MeOTf [69].

The formation of cis-1 from the reaction of [2]BF4 with LiCl has
been noted previously, although experimental conditions and iso-
meric purity were not reported [65]. The reaction of [2]OTf with
LiCl in methanol at ambient temperature results in the formation
of a yellow precipitate within a few minutes, which was collected
by filtration and identified by 31P and 1H NMR spectroscopy to be
pure cis-1 (ca. 84% isolated yield). Whilst solutions of cis-1 are sta-
ble in the dark, cis-1 converts to trans-1 under both normal labora-
tory and natural lighting. The conversion of cis-1 to equilibrium
mixtures of cis-1 and trans-1 was followed by 31P NMR spectros-
copy in both CDCl3 (1:1, 24 h) and dichloromethane (3:1, 48 h).
This facile conversion of cis-1 to trans-1 in solution at room
temperature under ambient lighting conditions must be taken into
account when trying to separate mixtures of cis-1 and trans-1 by
fractional crystallisation.

With these precedents in mind, a simple, high-yielding, step-
wise sequence of reactions can be constructed that results in con-
version of RuCl3 � nH2O to the acetylide complexes 3 in good over-
all yield, via the readily prepared complexes trans-1 and [2]OTf
(Scheme 2). The syntheses of trans-1 [70] from RuCl3 � nH2O is most
conveniently achieved by sequential reaction with PPh3 in metha-
nol to give RuCl2(PPh3)3 [71], followed by ligand exchange with
dppe [72]. Treatment of trans-1 with 1 equiv. AgOTf in CH2Cl2 re-
sulted in immediate colour change from yellow to red, with the
precipitation of AgCl. Complete reaction was achieved within 1 h
at room temperature. The product can be isolated as an air-stable
solid by simple filtration and precipitation. With both the work-
up and crystallisation of [2]OTf carried out in the open laboratory
environment, no evidence of a yellow N2 adduct was found [73].

The five-coordinate complex [2]OTf reacts rapidly with
1-alkynes in small volumes of CH2Cl2 at room temperature to give
the corresponding vinylidene complexes. Simple washing of the
crude vinylidene salts with further aliquots of hexane serves to
remove any excess 1-alkyne, which is essential if formation of
the bis(acetylide) complex is to be prevented during the next step.
Formation and isolation of the desired acetylide complexes 3 is
most conveniently performed by addition of a solution of KOtBu
in methanol to a concentrated dichloromethane solution of the
vinylidene. Under these conditions the acetylide precipitates
essentially free of triflate salt by-products, and can be collected
by filtration. The product obtained in this fashion is of high purity,
with recrystallisation affording single crystals suitable for X-ray
diffraction.

This reaction sequence was successfully applied in the prepara-
tion of a range of complexes trans-RuCl(C„CR)(dppe)2 [R = Ph (3a),
C6H4OMe-4 (3b), C6H4Me-4 (3c), C6H4C5H11-4 (3d), C6H4CO2Me-4
(3e), C6H4NO2-4 (3f)] which were isolated in ca. 70–80% yield in
most cases. However, attempts to prepare trans-RuCl(C„

CC6H4NH2-4)(dppe)2 were hampered by the basicity of the aniline
moiety, which deprotonated the intermediate vinylidene, leading
to formation of the bis(acetylide) trans-Ru(C„CC6H4NH2-4)2

(dppe)2. Reactions with 4-ethynylbenzonitrile were complicated
by competitive coordination and chloride substitution reactions
involving the nitrile moiety.

The acetylide complexes were characterised by the usual spec-
troscopic (IR, 1H, 13C, 31P NMR, ES-MS) methods. The acetylide
m(C„C) band was observed between 2050 and 2070 cm�1, the low-
est wavenumber bands being associated with 3e and 3f. The elec-
trospray mass spectra (ES-MS) featured species formed from loss of
chloride, the molecular ion not being observed. In the 31P NMR
spectra the trans geometry of the complexes was confirmed by
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Scheme 2. The preparation of trans-RuCl(C„CR)(dppe)2 from trans-RuCl2(dppe)2.

Table 1
1H NMR data from complexes 3a–3f.

R = OMe R = C5H11 R = Me R = H R = CO2Me R = NO2

Ho/o0 7.57, 7.26 (2 � d,
J = 7 Hz)

7.62, 7.20 (2 � d,
unresolved)

7.58, 7.23 (2 � d,
J = 7 Hz)

7.58, 7.25 (2 � d, J = 7 Hz) 7.42, 7.33 (2 � d,
J = 7 Hz)

7.36, 7.34 (AB,
J = 8 Hz)

Hm/m0 6.99, 6.97 (AB, J = 7 Hz) 6.94, 7.05 (unresolved) 6.99, 6.97 (AB) J = 7 Hz 6.99, 6.97 (dd) J = 7 Hz 7.01, 6.94 (dd) J = 7 Hz 7.03, 6.95 (dd) J = 8 Hz
Hp/p0 7.19 (t, J = 7 Hz) 7.20 (unresolved) 7.18 (t, J = 7 Hz) 7.18 (t, J = 7 Hz) 7.20, 7.18 (2 � t,

J = 7 Hz)
7.21, 7.20 (2 � t,
J = 8 Hz)

CH2CH2 2.65 (m) 2.66 (m) 2.65 (m) 2.68 (m) 2.69 (m) 2.69 (m)
H2 6.64 (AB, J = 8 Hz) 6.65 (d, J = 8 Hz) 6.62 (d, J = 8 Hz) 6.70 (d, J = 8 Hz) 6.57 (d, J = 8 Hz) 6.44 (d, J = 8 Hz)
H3 6.70 (AB, J = 8 Hz) 6.92 (d, J = 8 Hz) 6.93 (d, J = 8 Hz) 7.11 (d, J = 8 Hz) 7.77 (d, J = 8 Hz) 7.94 (d, J = 8 Hz)
R 3.80 0.92, 1.35, 1.61, 2.54 2.30 7.11 (dd, apparent triplet)

J = 8 Hz
3.89

Table 2
13C NMR spectroscopic data from complexes 3a–3f.

R = OMe R = C5H11 R = Me R = H R = CO2Me R = NO2

Ca 119.2 121.2 121.5 124.1 136.7 148.4
Cb 112.7 113.7 113.6 113.9 114.9 116.8
C1 123.5 127.8 127.8 130.6 135.1 137.2
C2 131.0 129.9 130.0 130.2 129.9 130.0
C3 113.1 127.6 128.4 127.6 129.1 123.5
C4 155.8 137.5 132.4 123.0 123.6 142.4
Ci/i0 136.9 137.0 137.0 136.9 136.2 135.9

135.8 135.7 135.8 135.8 135.6 135.5
Co/o0 134.5 134.6 134.6 134.6 134.5 134.5

134.5 134.6 134.2 134.1
Cm/m0 127.3 127.3 127.4 127.4 127.4 127.5

127.0 127.0 127.1 127.1 127.1 127.3
Cp/p0 129.0 128.9 129.0 129.1 129.0 129.2

128.8 128.8 128.9 129.0
CH2CH2 30.9 30.9 31.0 30.8 30.7 30.6
R 55.3 14.3, 22.8, 31.3, 31.9, 35.9 21.5 – CO 167.7

Me 52.0

2352 M.A. Fox et al. / Journal of Organometallic Chemistry 694 (2009) 2350–2358



Fig. 1. The NMR labelling scheme used in this work.
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the observation of a singlet near d 50 ppm, whilst the 1H (Table 1)
and 13C (Table 2) spectra featured characteristic resonances arising
from both the dppe and aryl acetylide ligands. The acetylide Ca res-
onance, which was observed as a quintet (2JCP ca. 15 Hz), proved to
be sensitive to the electronic nature of the remote aryl substituent.
The 1H and 13C NMR spectra could be fully assigned (see Fig. 1 for
NMR labelling scheme) through correlation spectroscopy, although
the couplings of the methylene protons from the dppe ligands were
not fully resolved.
Table 3
Selected bond lengths (Å) and angles (�) for [2]OTf and complexes trans-RuCl(C„CC6H4R-

[2]OTf R = H 3a � CH2Cl2 [6] R = OMe 3b � 2CH2Cl2 R = Me 3

Ru–Cl 2.4061(5) 2.4786(13) 2.5118(9) 2.4907(1
Ru–P(1) 2.3786(5) 2.3680(14) 2.3526(9) 2.3792(1
Ru–P(2) 2.2449(5) 2.3524(14) 2.3824(9) 2.3642(1
Ru–P(3) 2.3639(5) 2.3917(14) 2.3610(9) 2.3433(1
Ru–P(4) 2.2434(5) 2.3734(14) 2.3812(9) 2.3549(1
Ru–Pavg 2.3182 2.3714 2.3693 2.3604

Ru–C(1) 2.007(5) 2.018(4) 2.009(5)
C(1)–C(2) 1.198(7) 1.188(5) 1.196(6)
C(2)–C(3) 1.445(8) 1.437(5) 1.447(6)
Cl–Ru–C(1) 175.72(14) 179.25(9) 176.41(1
Ru–C(1)–C(2) 174.1(5) 177.0(3) 175.6(4)
C(1)–C(2)–C(3) 1783 175.1(4) 175.5(5)
P(1)–Ru–P(2) 79.39(2) 82.43(14) 81.83(3) 82.29(4)
P(2)–Ru–P(3) 97.77(2) 97.78(5) 98.09(3) 98.38(4)
P(3)–Ru–P(4) 80.02(2) 80.93(5) 81.57(3) 80.73(4)
P(1)–Ru–P(4) 97.35(2) 98.48(5) 98.48(3) 98.54(4)

Table 4
Crystal data and refinement details.

Complex [2]OTf 3b

Formula C53H48OF3SClP4Ru � 2CHCl3 C61H55OClP4Ru � 2CH2Cl2

Molecular weight (g mol�1) 1321.11 1233.29
Crystal system Triclinic Triclinic
Space group P1 P1
a (Å) 14.2259(2) 9.2242(3)
b (Å) 17.4740(3) 12.8045(4)
c (Å) 12.3513(3) 23.8399(7)
a (�) 72.08(1) 92.88(1)
b (�) 75.17(1) 94.63(1)
c (�) 79.80(1) 99.13(1)
V (Å3) 2807.86(9) 2765.35(15)
qc (g cm�3) 1.563 1.481
Z 2 2
2hmax (�) 60 58
l (Mo Ka) (mm�1) 0.817 0.684
Crystal size (mm) 0.20 � 0.18 � 0.14 0.28 � 0.08 � 0.02
NTot 41337 34263
N (Rint) 16 339 (0.0263) 14 655 (0.0662)
R1 0.0324 0.0481
wR2 0.0868 0.1265
GOOF 1.001 0.988
2.2. Molecular structures

In the course of this work, single crystals of [2]OTf, 3b, 3c (as
both 0.5THF and 2CH2Cl2 solvates) and 3e suitable for X-ray dif-
fraction were obtained, those of 3a [6], 3f [55], and the related
complexes trans-RuCl(C„CC6H3-Me-2-NO2-4)(dppe)2 [55], trans-
RuCl(C„CC6H4CHO-4)(dppe)2 [24], trans-RuCl(C„CC6H4

F-4)(dppe)2 [17], trans-RuCl(C„CC6H4F-3)(dppe)2 [35] and
trans-RuCl(C„CC6H4CH@CHC6H4NO2-4)(dppe)2 [24] having been
reported earlier. Crystallographic data and important bond lengths
and angles are summarized in Tables 3 and 4, with plots of [2]+, 3b,
3c and 3e illustrated in Figs. 2–5, respectively. There are no signif-
icant differences in the structures of two different solvates of 3c.

The structures of salts containing five-coordinate ruthenium(II)
cations of general form [RuCl(PP)2]X (where PP = chelating diphos-
phine ligand) have been reported on several previous occasions
[PP = dppe, X = [PF6]� [65], [BF4]� [68], [C2B9H12]� [74]; PP = dppp,
X = [PF6]� [75]; PP = dcpe, X = [PF6]� [76]; PP = NH(CH3)(PPh2)2,
X = [SbF6]� [77]; PP = bnpe, X = [PF2O2]� [78]. The cation in [2]OTf
is essentially identical to that in [2]PF6 and [2]BF4 with a similar
degree of ‘‘Y”-shaped distortion of the equatorial plane from that
in an idealised trigonal bipyramid. The two dppe ligands span axial
and equatorial positions, with the equatorial plane defined by Cl,
4)(dppe)2 (3a, b, c, e and f).

c � 0.5THF R = Me 3c � 2CH2Cl2 R = CO2Me 3e � THF R = NO2 3f � CH2Cl2 [55]

2) 2.5096(8) 2.4806(13) 2.500(1)
2) 2.3539(8) 2.3753(14) 2.360(2)
1) 2.3827(8) 2.3552(14) 2.354(1)
1) 2.3627(8) 2.3768(13) 2.366(2)
1) 2.3781(8) 2.3679(14) 2.386(1)

2.3694 2.3688 2.3665

2.007(4) 1.998(5) 1.986(5)
1.202(5) 1.195(8) 1.206(7)
1.432(5) 1.431(7) 1.442(7)

2) 179.22(8) 178.54(15) 176.20(13)
176.8(3) 178.4(5) 175.3(4)
176.8(4) 171.1(6) 174.4(5)
81.97(3) 82.71(5) 83.23(6)
98.28(3) 96.43(5) 95.52(6)
81.54(3) 81.25(5) 82.58(6)
98.18(3) 99.62(5) 98.66(6)

3c 3c 3e

C61H55ClP4Ru � 0.5C4H8O C61H55ClP4Ru � 2CH2Cl2 C62H55O2ClP4Ru � C4H8O
1084.50 1218.30 1128.51
Orthorhombic Triclinic Triclinic
Pna21 P1 P1
25.7427(6) 9.2375(5) 12.9760(4)
15.5668(4) 12.8488(7) 17.1779(5)
13.5683(3) 23.6105(12) 24.6946(7)
90 92.97(1) 97.46(1)
90 93.88(1) 90.47(1)
90 99.18(1) 104.20(1)
5437.2(2) 2754.5(3) 5286.6(3)
1.325 1.469 1.418
4 2 4
56 58 56
0.496 0.685 0.515
0.26 � 0.10 � 0.06 0.20 � 0.20 � 0.06 0.20 � 0.18 � 0.07
55975 26206 50880
12 966 (0.0765) 14 447 (0.0332) 25 401 (0.0412)
0.0484 0.0528 0.0891
0.1289 0.1640 0.2964
1.030 1.072 1.113



Fig. 2. Plot of the cation in [RuCl(dppe)2]OTf ([2]OTf). In this and all subsequent
plots, hydrogen atoms have been omitted for clarity, with thermal ellipsoids at 50%.

Fig. 3. Plot of a molecule of trans-RuCl(C„CC6H4OMe-4)(dppe)2 (3b).
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P(2) and P(4). Around the equatorial plane, the donor atoms define
angles Cl(1)–Ru(1)–P(2, 4) 134.49(2), 130.35(2)� and the rather
small angle P(2)–Ru(1)–P(4) 95.16� to relieve degeneracy in the
‘‘e” type orbitals associated with a d6 trigonal bipyramid. The elec-
tronic factors that underpin this distortion have been described in
detail elsewhere [79]. The cation of [2]OTf is more sterically
crowded than other acetylide complexes described in the paper
and as a result the planes of axial Ph-rings of the dppe ligands
are almost parallel to each other. The triflate anions are connected
to cations via CH� � �O close contacts and link them in double layers,
perpendicular to b-axis.

The structures of the acetylide complexes illustrate the usual
octahedral geometry around Ru, and linear Cl–Ru–C(1)–C(2)–C(3)
chain. The C(1)–C(2) acetylide bond lengths fall in the range
1.188(5)–1.202(5) Å, whilst the Ru–P bond lengths are insensitive
to the electron donating (OMe) or withdrawing (CO2Me) properties
of the acetylide substituent. The Ru–C(1) [2.018(4) Å] and Ru–Cl
[2.5118(9) Å] bond lengths in 3b are at the longer end of the range
of values typically offered by complexes of general type 3 (Table 3),
possibly due to greater Cl 3p/Ru 3d/C„C p filled orbital-filled orbi-
tal repulsive interactions along the linear back-bone [80,81].

As usual, in the absence of strong hydrogen bonds the packing
of complexes in crystals is determined by a fine balance between
a number of attractive intermolecular weak interactions of various
nature (C–H� � �O, Cl, p; Cl� � �Cl, etc.). The presence and the nature of
solvent molecules also significantly affects the crystal packing. For
example, the metal complexes in isostructural crystals 3b and
3c � CH2Cl2 form double layers perpendicular to b-axis and disor-
dered solvent molecules are located in channels between the lay-
ers, while ordered dichloromethane molecules are ‘‘trapped” in
the voids of these layers. There are a number of weak C–H� � �p
interactions in the structures. Hydrogen atoms of both methylene
groups of dichloromethane molecules and aromatic rings take part
in these interactions, while the methylene groups of the dppe
ligands do not show any shortened contacts.

In the absence of solvent dichloromethane molecules in struc-
ture of 3c � THF the character of packing changes and complexes
form chains along c-axis of the crystal. In this case the methylene
groups of dppe ligands became stereochemically active and link
the adjacent complexes by C–H� � �Cl contacts. These groups are also
active in the structure of 3e where they are involved in C–H� � �p
interactions, while Cl atoms are linked with an aromatic hydrogen
atom. Finally, the absence of stacking interactions between aro-
matic rings in these structures should be noted.

2.3. Electrochemistry

The highest occupied molecular orbitals of ruthenium aryl acet-
ylide complexes have significant aryl acetylide ligand character
[22,28,29,59,60,80–82]. The cyclic voltammograms of 3a–f each
exhibit two anodic processes, the first being fully reversible, the
potential of which reflect the variation in the electronic properties
of the aryl substituent (Table 5). The nitro-substituted derivative 3f
also contains a partially chemically reversible reduction with a
cathodic peak potential Epc �1.13 V (vs. FcH/FcH+), most likely
localised on the nitroaromatic portion of the molecule. The sensi-
tivity of the redox response to the nature of the remote substituent
and the chemical reversibility of the first redox couple is consistent
with the aryl acetylide character of the HOMO in trans-
RuCl(C„CR)(dppe)2 complexes.
3. Conclusion

A simple reaction protocol has been described that allows the
preparation of acetylide complexes trans-RuCl(C„CR)(dppe)2 (3)
from the five-coordinate complex [RuCl(dppe)2]OTf ([2]OTf), which
is obtained in three high yielding steps from RuCl3 � nH2O. The use
of [2]OTf as an entry point to mono-acetylide complexes 3 is an
alternate, and in our experience more convenient, method to the
long-standing routes based on cis-RuCl2(dppe)2.

4. Experimental

All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques as a matter of routine, although
no special precautions were taken to exclude air or moisture during
work-up. Dichloromethane was purified and dried using an Innova-
tive Technology SPS-400, and degassed before use. Diethyl ether,



Fig. 4. Plot of a molecule of trans-RuCl(C„CC6H4Me-4)(dppe)2 (3c).

Fig. 5. Plot of a molecule of trans-RuCl(C„CC6H4CO2Me-4)(dppe)2 (3e).

Table 5
Electrochemical dataa from trans-RuCl(C„CC6H4R-4)(dppe)2 (3a–f).

R E1 (V) E2 (V)

OMe (3b) �0.10 +0.69b

C5H11 (3d) �0.04 +0.83b

Me (3c) �0.03 +0.85b

H (3a) +0.01 +0.89b

CO2Me (3e) +0.10 +0.98b

NO2 (3f) +0.20 +1.07b

a E1/2 vs. ferrocene/ferrocenium (FcH/FcH+) (CH2Cl2, 0.1 M NBu4BF4, Pt dot
working electrode). Data are reported against an internal decamethylferrocene/
decamethylferrocenium (FcH*/FcH*+) standard. Under these conditions FcH*/
FcH*+ = �0.53 V vs. FcH/FcH+.

b Irreversible, anodic peak potential Epa reported.
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hexane and methanol were the best available commercial grade,
and used without further purification. Reagents were purchased
and used as received, with minor modifications to the literature
procedures being used to prepare RuCl2(PPh3)3 [71], trans-
RuCl2(dppe)2 [72], and [RuCl(dppe)2]OTf [67] as detailed below.

NMR spectra were recorded on a Bruker Avance (1H
400.13 MHz, 13C 100.61 MHz, 31P 161.98 MHz) spectrometer from
CDCl3 solutions and referenced against solvent resonances (1H,
13C) or external H3PO4 (31P). IR spectra (CH2Cl2) were recorded
using a Nicolet Avatar spectrometer from cells fitted with CaF2

windows. Electrospray ionisation mass spectra were recorded
using Thermo Quest Finnigan Trace MS-Trace GC or WATERS
Micromass LCT spectrometers. Samples in dichloromethane
(1 mg/mL) were 100 times diluted in either methanol or
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acetonitrile, and analysed with source and desolvation tempera-
tures of 120 �C, with cone voltage of 30 V.

Cyclic voltammograms were recorded at v = 100–800 mV s�1

from solutions of approximately 10�4 M in analyte in dichloro-
methane containing 10�1 M NBu4BF4, using a gastight single-com-
partment three-electrode cell equipped with platinum disk
working, coiled platinum wire auxiliary, and platinum wire pseu-
do-reference electrodes. The working electrode surface was pol-
ished before scans with an alumina paste. The cell was
connected to a computer-controlled Autolab PGSTAT-30 potentio-
stat. All redox potentials are reported against the ferrocene/
ferrocenium coupling, and referenced against the decamethylferro-
cene/decamethylferrocenium (FcH*/FcH*+ = �0.53 V) redox couple
used as an internal reference system.

Single crystal X-ray data for all structures were collected on a
Bruker SMART CCD 6000 diffractometer equipped with a Cryo-
stream (Oxford Cryosystems) cooling device at 120 K using kMo
Ka radiation. All the structures were solved by direct methods
and refined by full-matrix least squares on F2 for all data using
SHELXTL software. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters, H-atoms were placed into calcu-
lated positions and refined in a ‘‘riding” mode. Further details of
data collections and refinement are given in Supplementary
material.

4.1. Preparation of RuCl2(PPh3)3

A suspension of RuCl3 � nH2O (1.00 g, 3.83 mmol for n = 3) and
PPh3 (6.00 g, 22.9 mmol) in methanol (50 ml) was heated for 4 h
at reflux. The brown solid that precipitated was collected by filtra-
tion, washed with diethyl ether and dried in air to give
RuCl2(PPh3)3 as a dark brown powder (3.59 g, 98%). 31P{1H} NMR
(CDCl3, 81 MHz): d 30.2 (s, PPh3).

4.2. Preparation of trans-RuCl2(dppe)2 (trans-1)

A suspension of RuCl2(PPh3)3 (3.59 g, 3.75 mmol) and dppe
(3.14 g, 7.89 mmol) in acetone (40 ml) was stirred for 1 h at room
temperature. The resulting yellow precipitate was collected by fil-
tration, washed with acetone and dried in air to give trans-1 as an
orange-yellow powder (3.40 g, 99%). 31P{1H} NMR (CDCl3): d 46.1
(s); 1H NMR (CDCl3): 7.26 (d, JHH = 7.6 Hz, 16H, ortho-CH), 7.19 (t,
JHH = 6.8, 8H, para-CH), 6.99 (dd, JHH � 7.2, 16H, meta-CH), 2.70
(m, 8H, CH2); 13C NMR (CDCl3): 13C NMR (CDCl3): 135.0 (m, ipso
C), 134.4 (m, ortho C), 128.8 (m, para-C), 127.0 (m, meta C), 28.8
(m, CH2).

4.3. Preparation of [RuCl(dppe)2][OTf] ([2]OTf)

A suspension of trans-1 (3.40 g, 3.51 mmol) and AgOTf (0.90 g,
3.51 mmol) in dichloromethane (40 ml) was stirred 1 h. The result-
ing dark red solution was filtered (Celite) to remove the precipi-
tated AgCl, and the filtrate diluted with hexane. Careful removal
of the CH2Cl2 on a rotary evaporator resulted in the precipitation
of [2]OTf as well-formed red crystals, which were collected,
washed with hexane and dried to give [2]OTf as a dark red solid,
which is stable in air and chlorinated solvents (3.22 g, 85%). Crys-
tals suitable for X-ray diffraction were obtained following recrys-
tallisation from CHCl3/hexane. 31P NMR (CDCl3): d 84.0 (dd,
JPP � 12.8, 2P), 56.7 (dd, JPP � 12.8, 2P); 1H NMR (CDCl3): d 7.73
(m, 4H, meta-CH), 7.52 (t, JHH 7.2, 2H, para-CH), 7.32 (t, JHH 7.4,
2H, para-CH), 7.19 (m, 16H, phenyl-CH), 6.99 (m, 12H, phenyl-
CH), 6.71 (m, 4H, meta-CH), 2.65 (m, 2H, CH2); 2.44 (m, 4H, CH2);
1.57 (m, 2H, CH2); 13C NMR (CDCl3): 133.7 (m), 133.1 (m, ipso C),
132.7 (m), 132.3 (m, para C), 132.1 (m), 132.0 (m, ipso C), 131.7
(m), 131.1 (m, para C � 2), 130.4 (m, ipso C), 129.4 (m, ipso-
C + other C), 129.3 (m, para C), 128.7 (m), 128.0 (m), 127.5 (m),
120.9 (q, JCF = 321, CF3), 30.1 (m, CH2), 18.4 (m, CH2); 19F NMR
(CDCl3): d �78.5 (s). A mixture of cis-1 and trans-1 can also be used
to give high yields of [2]OTf by this procedure.

4.4. Preparation of cis-RuCl2(dppe)2 (cis-1)

A solution of [2]OTf (198 mg, 0.182 mmol) in methanol (25 ml)
was added to a stirred solution of LiCl (80 mg, 1.93 mmol) in meth-
anol (4 ml). The yellow solid formed after 15 min was filtered,
washed with 2 � 2 ml of methanol and dried in vacuo. This solid
(148 mg, 0.152 mmol, 84%) was identified as pure cis-1 by 31P, 1H
and 13C NMR spectroscopy. 31P NMR (CDCl3): d 53.6 (dd, JPP � 19.4,
2P), 38.8 (dd, JPP � 19.6, 2P); 1H NMR (CDCl3): d 8.22 (m, 4H), 7.54
(m, 4H), 7.26 (m, 4H), 7.24 (t, JHH = 6.4, 2H, para-CH), 7.01 (m, 4H),
6.93 (t, JHH = 6.4, 2H, para-CH), 6.84 (m, 4H), 6.78 (m, 8H), 6.73 (m,
8H), 2.98 (m, 2H, CH2), 2.486 (m, 4H, CH2), 2.55 (m, 2H, CH2); 13C
NMR (CDCl3): 139.7 (m, ipso C), 137.9 (m, ipso C), 135.2 (m, ipso
C), 134.7 (m), 134.3 (m, ipso C), 133.9 (m), 131.5 (m), 131.2 (m),
128.9 (m, para C), 128.7 (m, para C), 128.5 (m, para C), 128.0 (m),
127.7 (m, para C), 127.5 (m), 127.2 (m), 126.6 (m), 31.9 (m, CH2),
24.6 (m, CH2).

4.5. Preparation of trans-RuCl(C„CPh)(dppe)2 (3a)

A solution of [2]OTf (100 mg, 0.092 mmol) in CH2Cl2 (3 ml) was
treated with phenylacetylene (10 ll, 0.09 mmol) and stirred at
room temperature for 1 h. The solvent was removed in vacuo and
the residue containing the crude vinylidene salt washed with hex-
ane (2 � 10 ml) to remove any excess alkyne. The crude vinylidene
salt was redissolved in dichloromethane (2 ml) and treated with a
solution of KOBut (35 mg) in methanol (5 ml), prompting the pre-
cipitation of a pale yellow solid, which was immediately collected
by filtration and dried to give 3a (72 mg, 75%). IR: m(C„C)
2072 cm�1. 31P NMR: d 50.8 (s, PPh2). ES-MS: m/z 1039
[M�Cl+K+H]+.

4.6. Preparation of trans-RuCl(C„CC6H4OMe-4)(dppe)2 (3b)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol), 1-ethynyl-4-anisole (11 ll,
0.09 mmol), the vinylidene being formed after 2 h a room temper-
ature. After deprotonation, yellow 3c was collected by filtration
(42 mg, 43%). Crystals suitable for X-ray diffraction were obtained
from CH2Cl2/hexane. IR: m(C„C) 2070 cm�1. 31P NMR: d 50.9 (s,
dppe). ES-MS: m/z 1069 [M�Cl+K+H]+.
4.7. Preparation of trans-RuCl(C„CC6H4Me-4)(dppe)2 (3c)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol), 1-ethynyl-4-toluene (11 ll,
0.09 mmol), the vinylidene being formed after 2 h a room temper-
ature. After deprotonation, yellow 3c was isolated (75 mg, 78%).
Crystals suitable for X-ray diffraction were obtained from CH2Cl2/
hexane and also THF/hexane. IR: m(C„C) 2073 cm�1. 31P NMR: d
50.9 (s, PPh2). ES-MS: m/z 1053, [M�Cl+K+H]+.
4.8. Preparation of trans-RuCl(C„CC6H4C5H11-4)(dppe)2 (3d)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol) and 4-pentyl phenylacetylene
(18 ll, 0.09 mmol), the vinylidene being formed after 2 h at room
temperature. After deprotonation 3d was obtained as a yellow
powder (86 mg, 84%). IR: m(C„C) 2071 cm�1. 31P NMR: d 50.9 (s,
PPh2). ES-MS: m/z 1069, [M�Cl]+.
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4.9. Preparation of trans-RuCl(C„CC6H4CO2Me-4)(dppe)2 (3e)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol) and methyl 4-ethynylbenzoate
(15 mg, 0.09 mmol), the vinylidene being formed after 2 h a room
temperature. After deprotonation, 3e was isolated as a yellow pow-
der (66 mg, 66%). Crystals suitable for X-ray diffraction were ob-
tained from THF/hexane. IR: m(C„C) 2065 cm�1. 31P NMR: d 50.1
(s, PPh2). ES-MS: m/z 1097, [M�Cl+K+H]+.

4.10. Preparation of trans-RuCl(C„CC6H4NO2-4)(dppe)2 (3f)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol) and 4-nitro phenylacetylene
(14 mg, 0.09 mmol) the vinylidene being formed after 6 h at room
temperature. After deprotonation 3f was obtained as a red powder
(73 mg, 73%). IR: m(C„C) 2051 cm�1. 31P NMR: d 49.7 (s, PPh2). ES-
MS: m/z 1084, [M�Cl+K+H]+.

5. Supplementary material

CCDC 719111, 719112, 719113, 719114 and 719115 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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