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The syntheses of {Os(PPh3)2Cp}2{l-(C„C)x} (x = 2, 3, 4) from reactions between OsBr(PPh3)2Cp* and
Me3Si(C„C)xSiMe3 in the presence of KF/NaBPh4 are described. The molecular structure of x = 3 has been
determined by a single-crystal XRD study. Comparison of the redox properties of {M(PPh3)2Cp}2{l-
(C„C)x} (M = Ru, Os) shows that the oxidation potentials of the osmium complexes are invariably lower
(by between 0.16 and 0.64 V) than those of the Ru analogues.

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

Continuing interest in the chemistry of complexes containing
redox-active metal–ligand fragments end-capping carbon-rich
linking groups stems from their potential as components in molec-
ular scale electronics. In particular, complexes containing rigid p-
conjugated chains of C(sp) atoms linking transition metal centres
have been considered as models of ‘‘molecular wires” [1–3]. This
chemistry encompasses a desire to rationalise the observed elec-
trochemical behaviour and, if possible, to determine the effects of
various changes to the linker groups on the electronic interaction
between the end-groups [4–9].

Many studies have been carried out with complexes containing
chains of carbon atoms, C2x, linking metal centres such as
Mn(dppe)Cp0 (Cp0 = Cp, CpMe) [10], Re(NO)(PPh3)Cp* [11], Fe(dp-
pe)Cp* [12], Ru(PP)Cp0 [(PP)Cp0 = (PPh3)2Cp, (dppe)Cp*] [13],
Os(dppe)Cp* [14], Ru2(LL)4 [15,16], and Pt(Ar)(PAr03)2 (Ar = tol,
C6F5, Ar0 = tol) [17]. Recent reviews of this chemistry are available
[18–21]. Earlier structural and electrochemical studies of
{M(dppe)Cp*}2{l-(C„C)x} (M = Fe [12], Ru [13c], Os [14]) and the
ruthenium analogues of the present complexes, {Ru(PPh3)2-
Cp}2{l-(C„C)x} [13b] have been interpreted in terms of a series
of 1-e redox processes which interconnect several species
[{M(PP)Cp0}2{l-(C„C)x}]n+ (n = 0–4). It was therefore of interest
to make related osmium–PPh3 complexes and to compare their re-
dox behaviour with the ruthenium analogues.
All rights reserved.
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2. Results and discussion

2.1. Synthesis of {Cp(PPh3)2Os}2(C„C)x (x = 2, 3, 4)

The most accessible precursor to Os(PPh3)2Cp complexes is
OsBr(PPh3)2Cp which is readily obtained from OsO4 via H2OsBr6

and OsBr2(PPh3)3 [22]. Subsequent reactions of the bromo complex
with Me3Si(C„C)xSiMe3, carried out in the presence of KF as a desi-
lylating agent and Na[BPh4] to labilise the Os–Br bond, following
previous results obtained with the analogous Ru systems [13a],
afforded the desired complexes {Cp(PPh3)2Os}2(C„C)x (x = 2 (1),
3 (2), 4 (3)). For osmium, the yields were considerably lower than
those found for ruthenium, no doubt in part due to the well-estab-
lished kinetic stability of the osmium systems, together with the
lability of the silylated poly-ynes under the reaction conditions
employed. In the absence of Na[BPh4], the yield of the C4 complex
was <10%, deep blue products (presently unidentified) being
obtained. Attempts to prepare the ruthenium complex {Cp*-
(dppe)Ru}2(l-C„CC„C) via this method also afforded similar
products [23]. Further, reactions carried out using NEtCy2 or 1,8-
diazabicyclo[5.4.0]undec-7-ene (dbu) also failed to give substantial
amounts of the desired product, although a pale yellow precipitate
formed during these reactions was identified spectroscopically as
OsH(PPh3)2Cp, probably formed via an intermediate methoxy
derivative formed from the MeOH solvent; in the absence of the
poly-ynes, this is the only product obtained.

The complex {Cp(Ph3P)2Os}2(l-C„CC„C) 1 was obtained as a
yellow powder in 10% yield. As with the other two complexes re-
ported here, 1 was characterised by elemental microanalyses and
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Table 1
Selected bond parameters (Å, �) for {M(PPh3)2Cp}2{l-(C„C)3} (M = Ru [13a], Os).

M Ru Os (molecules 1; 2)

Bond lengths (Å)
M–P(1,2) 2.297(2),

2.301(1)
2.2848(8), 2.2982(8); 2.2858(8),
2.2858(7)

M–C(cp) 2.216(6)–
2.261(6)

2.217–2.257(3); 2.238–2.261(3)

M–C(1) 2.001(6) 1.997(3); 2.013(3)
C(1)–C(2) 1.210(8) 1.216(4); 1.231(4)
C(2)–C(3) 1.382(8) 1.371(5); 1.363(4)
C(3)–C(30) 1.212(8) 1.228(6); 1.231(5)

Bond angles (�)
P(1)–M–P(2) 99.02(5) 98.67(3); 99.02(3)
P(1,2)–M–C(1) 87.8(2), 95.1(2) 92.87(8), 91.31(8); 91.48(9); 89.96(8)
M–C(1)–C(2) 172.2(4) 165.4(2); 171.7(3)
C(1)–C(2)–

C(3)
178.8(6) 171.2(3); 177.4(3)

C(2)–C(3)–
C(30)

177.3(6) 176.9(4); 177.9(4)
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spectroscopically. Spectroscopic properties include a single m(C„C)
absorption at 1972 cm�1, while the NMR spectra contained reso-
nances at dH 4.45, dC 81.69 (Cp) and signals between dH 6.91–
7.78, dC 127.45–128.83 (Ph), with a singlet at dP 0.9 (PPh3). Signals
from the C4 chain were not observed. The electrospray mass spec-
trum (ES-MS) contained M+ at m/z 1608.

The C6 complex {Cp(PPh3)2Os}2{l-(C„C)3} 2 was similarly ob-
tained in 60% yield from the reaction between OsBr(PPh3)2 and
Me3Si(C„C)3SiMe3 and KF in MeOH. Crystallisation from CHCl3

afforded the 2CHCl3 solvate. As found for the Ru analogue, this
derivative has extremely limited solubility in the usual organic sol-
vents. The IR spectrum of 2 has one strong and two weak m(C„C)
bands at 2063, 2111 and 1987 cm�1, respectively. The NMR spectra
contain singlets at dH 4.40, dC 81.91 (Cp) and resonances between
dH 7.11–7.40, dC 127.40–139.30 (Ph), the PPh3 ligands appearing
at dP 3.55. For 2, two of the C6 resonances were found at dC 56.76
and 53.68. The ES-MS contains [M+H]+ at m/z 1633.

Significant decomposition was observed during the reaction be-
tween OsBr(PPh3)2Cp and Me3Si(C„C)4SiMe3 to give the C8 com-
plex, {Cp(PPh3)2Os}2{l-(C„C)4} 3. The silylated tetrayne is
significantly less stable than the shorter chain analogues and, like
the product, does not survive lengthy heating. The thermal insta-
bility of poly-ynes with longer carbon chains is well documented
[24,25]. The crude C8 product was isolated as a black powder (ca.
40%), purification by flash chromatography giving pure 3 as a yel-
low powder, but in only 9% isolated yield. The IR spectrum of 3
contained two m(C„C) bands at 2102s and 1953w cm�1. In the
NMR spectra, only the Cp (dH 4.06, dC 82.42), Ph (dH 6.59–7.27, dC

127.45–139.17) and PPh3 resonances (dP 1.6) were found. The ES-
MS contained [M+H]+ at m/z 1657.

2.2. Molecular structure of {Cp(PPh3)2Os}2{l-(C„C)3}

The X-ray determined structure of 2�2CHCl3 is shown in Fig. 1,
from which it can be seen that each of the two independent mole-
cules adopts a trans conformation about a crystallographic inver-
sion centre. Overall, the geometry of 2 is similar to that of its
ruthenium analogue [13a], selected structural parameters of the
two compounds being listed in Table 1. The M(PPh3)2Cp fragments
have the usual pseudo-octahedral geometry, with no significant
differences between the M–P and M–C(cp) bonds as a result of
the similar atomic radii of the two metals. The M–C(1) separations
are experimentally indistinguishable at 2.001(6) (Ru) and 1.997(3),
2.013(3)Å (Os).
Fig. 1. Plot of molecule 1 of {Cp(Ph3P)2Os}{l-(C„
Along the C6 chain, alternate short [C(1)–C(2), C(3)–C(4), C(5)–
C(6)] and long [C(2)–C(3), C(4)–C(5)] separations confirm the tri-
yndiyl nature of the bridge. Bond angles along the Os–C6–Os chain
are quasi-linear, with the most pronounced bending being at C(1)
[165.4(2), 171.7(3)�] [cf. Ru, 172.2(4)� [13a]]. Non-linear M–C2x

–M chains are generally found for {MLn}2{l-(C„C)x} complexes
[11c]. This feature may be accommodated by a sigmoidal arrange-
ment, particularly for centrosymmetric molecules, or by distinct
bending of the chain, the angles at each carbon atom in 2 ranging
between 165.4(3)� and 177.9(4)�, i.e., somewhat greater than those
found for the C4 complexes [176.2(3)–177.4(3)�]. The solvent mol-
ecules, although well-ordered, have no close interactions with the
molecular cores.

2.3. Electrochemistry of {Cp(PPh3)2Os}2{l-(C„C)x} (x = 2, 3, 4)

Limited solubility of 2 in CH2Cl2 necessitated carrying out the
electrochemical studies in thf, rather than CH2Cl2 used previously.
Comparative studies of OsBr(PPh3)2Cp (E = +0.49 V) and 2 showed
that there are no significant differences in redox potentials mea-
sured in these two solvents. The solution contained 0.1 M
[NBu4]BF4 as supporting electrolyte. Table 2 summarises some
electrochemical properties of complexes {M(PP)Cp0}2{l-(C„C)x}
[M = Ru, Os, (PP)Cp0 = (PPh3)2Cp, (dppe)Cp*, x = 2–4].
C)3}{Os(PPh3)2Cp} 2. Molecule 2 is similar.



Table 2
Oxidation potentials (V) of the series {Cp0(PP)M}2{l-(C„C)x} [M = Ru, Os; Cp0(PP) = Cp(Ph3P)2, Cp*(dppe); x = 2–4].

C2x M Cp0(PP) E1� E2� DE12 KC E3� E4�a References

C4 Ru Cp(Ph3P)2 �0.23 +0.41 0.64 6.6 � 1010 +1.03 +1.68 [13b]
Cp*(dppe) �0.43 +0.22 0.65 9.7 � 1010 +1.04 +1.51 [13c]

Os 1 Cp(Ph3P)2 �0.33 +0.16 0.49 1.9 � 108 +0.75 This work
Cp*(dppe) �0.62 �0.01 +0.61 2.05 � 1010 +1.20 [14]

C6 Ru Cp(Ph3P)2 +0.06 +0.52 0.46 6.0 � 107 +1.07 [13a]
Cp*(dppe) �0.15 +0.33 0.48 1.3 � 108 +1.05 +1.33 [30]

Os 2 Cp(Ph3P)2 �.06 +0.31 0.37 1.8 � 106 +0.52 This work
C8 Ru Cp(Ph3P)2 +0.24 +0.58 0.34 5.6 � 105 +1.07 [13a]

Cp*(dppe) +0.08 +0.43 0.35 8.3 � 105 +1.07 +1.27 [30]
Os 3 Cp(Ph3P)2 +0.14 +0.35 0.21 3.5 � 103 +0.51 This work

For conditions, see Section 4.
a Irreversible.
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The CVs of complexes 1, 2 and 3 (Table 2) each show three
reversible, 1-e oxidation waves, consistent with the formation of
the respective mono-, di- and tri-cations.

Values of the oxidation potentials (E1, E2, E3) of these complexes
increase in the sequence C4 < C6 < C8 in both ruthenium and os-
mium series while replacement of (PPh3)2Cp with the more elec-
tron-rich (dppe)Cp* ligand combination results in more ready
oxidation of 1 and of the three ruthenium complexes. Osmium
complexes, regardless of chain length, are more readily oxidised
than the ruthenium analogues, all the oxidation steps of the os-
mium complexes with x = 2, 3 and 4 being thermodynamically
more favourable than those of the three ruthenium analogues.
For the Ru complexes, E3� falls within a small range (+1.03 to
+1.07 V), whereas for Os derivatives, the range extends from
+0.51 to +0.75 V for the PPh3 derivatives. Only for the dppe-C4

complex is a higher value (+1.20 V) found. The osmium complexes
do not display the further, irreversible, process found at higher
potentials (E4� between +1.27 and +1.68 V) for the Ru complexes.
The distribution of potentials follows the usual pattern of higher
oxidation states becoming more stable on going down a group.

The CVs show that increasing the length of the carbon chain re-
sults in a decrease of potential separation DE12 between two suc-
cessive oxidation processes. The comproportionation constants,
KC = exp(DE/25.69), which are related to the thermodynamic sta-
bility of the monocations, are lower for Os than for Ru. This trend
correlates very closely with those observed for the analogous
ruthenium series [13], the Group 8 series {Cp*(dppe)M}2{{l-
(C„C)x} (M = Fe, Ru, Os; x = 2, 3, 4) [12–14] and the rhenium series
{Cp*(NO)(PPh3)Re}2{l-(C„C)x} (x = 2, 3, 4) [11].

We have previously discussed the electronic structures of
{M(dppe)Cp*}2{l-(C„C)x} [13,14] and the comments made therein
are also relevant to the present discussion. The highest lying orbi-
tals in these complexes are derived from overlap of metal d and Cx

p-type orbitals and are delocalised over the M–Cx–M chain. The rel-
ative contributions of metal and carbon to these orbitals depend
upon the nature of the metal and the length of the carbon chain.
In particular, the carbon-character increases with the length of
the carbon chain [12–14,20]. This feature results in an increase in
the redox potentials and decrease in the separations between
them.
3. Conclusions

The osmium analogues of known ruthenium-C4, -C6 and -C8

complexes in the {M(PPh3)2Cp}2{l-(C„C)x} series have been pre-
pared and characterised, including a single-crystal X-ray structure
determination of the C6 compound. The similar sizes of Ru and Os
result in there being few significant differences from the structure
of the Ru derivative. In contrast, and in agreement with observa-
tions with {M(dppe)Cp*}2{l-(C„C)4} (M = Ru, Os) [14], the redox
potentials of the three single-electron oxidation processes of the
Os complex are significantly lower than those of the lighter cong-
enor, probably because of increased repulsion of the electrons in
the HOMOs by the larger electron core in the heavier element.
4. Experimental

4.1. General experimental conditions

All reactions were carried out under dry, high purity nitrogen
using standard Schlenk techniques, unless otherwise stated,
although no special precautions to exclude air were taken during
subsequent workup. Solvents were dried and distilled under nitro-
gen before use.
4.2. Instruments

IR spectra were recorded with a Perkin–Elmer Spectrum BX FT-
IR. Solution spectra were obtained using a 0.5 mm path-length cell
fitted with NaCl windows. Nujol mull spectra were collected from
samples mounted between NaCl discs. NMR spectra were recorded
using either a Varian ACP-300 [300.145 MHz (1H), 75.47 MHz (13C),
121.105 MHz (31P)], Varian Gemini 200 [199.98 MHz (1H),
50.29 MHz (13C)] or Inova 600 [599.957 MHz (1H), 150.87 MHz
(13C), 242.21 MHz (31P)] instruments. Solutions were contained in
standard 5 mm sample tubes. Chemical shifts are reported in d, rel-
ative to internal TMS (1H and 13C) or external H3PO4 (31P). Electro-
spray mass-spectrometry was carried out at the University of
Waikato, Hamilton, New Zealand. Cyclic voltammograms were re-
corded at 298 K from solutions in CH2Cl2 (Ru) or thf (Os) ca 10�4 M
in analyte, also containing 10�1 M [NBu4]BF4. A single-compart-
ment three-electrode cell equipped with Pt working, coiled Pt wire
auxiliary and Pt wire pseudo-reference electrodes was used, with
scan rates of 50–800 mV s�1. Redox potentials are reported vs
SCE, with internal reference FeCp2/[FeCp2]+ (+0.46 V vs. SCE). Data
were collected with a computer-interfaced PAR Model 263A poten-
tiostat. Elemental analyses were performed by the Canadian Micro-
analytical Service, Delta, BC, or Chemical and MicroAnalytical
Services, Belmont, Victoria.
4.3. Reagents

The compounds OsBr(PPh3)2Cp [22], Me3Si(C„C)xSiMe3 (x = 2
[26], 3 [27], 4 [28]) were prepared by standard literature methods.
Cyclopentadiene was freshly distilled prior to use. All other re-
agents were used as received without further purification.
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4.4. Precautionary warning

OsO4 is extremely toxic. The yellow solid melts at 31 �C and has
an appreciable vapour pressure even at r.t. The compound is often
liberated when solutions of osmium compounds are treated with
oxidising agents. Ample precautions to protect eyes, nose and
mouth are essential.

4.5. {Cp(PPh3)2Os}2{l-C„C C„C} 1

OsBr(PPh3)2Cp (100 mg, 0.116 mmol) and Me3SiC„CC„CSiMe3

(11.5 mg, 0.06 mmol), were suspended in THF (0.5 mL) and meth-
anol (10 mL). NaBPh4 (43.9 mg, 0.13 mmol, 1.1 eq) was added to
the suspension, followed by KF (6.9 mg, 0.12 mmol) and the mix-
ture was heated at reflux point for 18 h. After this time the solution
was deep blue over a dull yellow precipitate. The precipitate was
removed by filtration and washed with cold methanol (3 � 5 mL)
to give {Cp(PPh3)2Os}2{l-(C„C)2} 1 as a yellow powder (9.5 mg,
10%). Anal. Calc. for C86H70Os2P4: C, 64.24; H, 4.36; M, 1606. Found:
C, 63.75; H, 4.12%. IR (CH2Cl2): m(C„C) 1972 cm�1. 1H NMR (C6D6):
dH 4.45 (s, 10H, Cp), 6.91–7.78 (m, 60H, Ph). 13C NMR (C6D6): dC

81.69 (s, Cp), 127.45–140.21 (Ph). 13P NMR (C6D6): dP 0.9 (s,
PPh3). ES-MS (m/z): 1608, M+.

4.6. {Cp(PPh3)2Os}2{l-(C„C)3} 2

OsBr(PPh3)2Cp (100 mg, 0.116 mmol), Me3Si(C„C)3SiMe3

(12.7 mg, 0.06 mmol), and KF (6.8 mg, 0.12 mmol) were suspended
in methanol (10 mL) and the mixture was heated at reflux point for
18 h to give a pale brown solution over a mustard yellow precipi-
tate. The solid was removed by filtration and washed with cold
methanol (3 � 5 mL) and cold CH2Cl2 (3 � 5 mL) to give
{Cp(PPh3)2Os}2{l-(C„C)3} 2 as a yellow powder (57.3 mg, 53%).
The analytical and X-ray sample was obtained as crystals of the
2CHCl3 solvate from hexane/CHCl3. Anal. Calc. for C88H70-
Os2P4.2CHCl3: C, 57.77; H, 3.85; M (unsolvated), 1630. Found: C,
58.61; H, 3.82%. IR (CHCl3): m(C„C) 2111 cm�1 (w), 2063 cm�1

(s), 1987 cm�1 (w). 1H NMR (CDCl3): dH 4.40 (s, 10H, Cp), 7.11–
7.40 (m, 60H, Ph). 13C NMR (CDCl3): dC 53.68, 56.76, (2 � s, Ca,
Cb, or Cc), 81.91 (s, Cp), 127.40–139.43 (Ph). 31P NMR (CDCl3): dP

3.4 (s, PPh3). ES-MS (m/z): 1632, [M+H]+.

4.7. {Cp(PPh3)2Os}2{l-(C„C)4}{Os(PPh3)2Cp} 3

OsBr(PPh3)2Cp (120 mg, 0.140 mmol), Me3Si(C„C)4SiMe3

(16.2 mg, 0.07 mmol) and KF (16.3 mg, 0.28 mmol) were sus-
pended in methanol (20 mL) and the mixture was heated at reflux
point for 18 h. After this time the solution was black-brown over a
black solid. The precipitate was removed by filtration and washed
with cold methanol (3 � 5 mL) to give crude 3 (44.8 mg). The crude
product was purified by flash chromatography on basic alumina
(CH2Cl2-hexane, 1/1) to give pure {Cp(PPh3)2Os}2{l-(C„C)4}3 as
a yellow powder (9.8 mg, 9%). Anal. Calc. for C90H70Os2P4: C,
65.28; H, 4.23; M, 1654. Found: C, 66.10; H, 4.52%. IR (CH2Cl2):
m(C„C) 2102 cm�1 (s), 1953 cm�1 (w). 1H NMR (C6D6): dH 4.06
(s, 10H, Cp), 6.59–7.27 (m, 60H, Ph), 13C NMR (C6D6): dC 82.42
(s, Cp), 127.45–139.17 (Ph), 13P NMR(C6D6): dP 1.6 (s, PPh3). ES-MS
(m/z): 1656, M+; 828, M2+.

4.8. Structure determination

A full sphere of diffraction data was measured at ca 150 K using
a Bruker AXS CCD area-detector instrument. 78 253 reflections
were merged to 39 001 unique (Rint 0.031) after ‘‘empirical”/multi-
scan absorption correction (proprietary software), 25 137 with
F > 4r(F) were considered observed and used in the full matrix
least squares refinement on F2. All data were measured using
monochromatic Mo Ka radiation, k = 0.71073 Å. Anisotropic dis-
placement parameter forms were refined for the non-hydrogen
atoms, hydrogen atom treatment following a riding model. Con-
ventional residuals R1, wR2 are 0.039, 0.093 [weights:
(r2(F2

o) + (0.045P)2)�1 [P = (F2
o þ 2F2

c + 2F2
c )/3]]. Neutral atom com-

plex scattering factors were used; computation used the SHELXL 97
program [29]. Pertinent results are given in the figure (which
shows non-hydrogen atoms with 50% probability amplitude dis-
placement ellipsoids and hydrogen atoms with arbitrary radii of
0.1 Å) and in Table 1.

{Os(PPh3)2Cp}2{l-(C„C)3}�2CHCl3 „ C88H70Os2P4�2CHCl3, M =
1870.46. Triclinic, space group P�1, a = 14.083(1), b = 15.935(2),
c = 17.449(2) Å, a = 83.118(2)�, b = 81.917(2)�, c = 80.953(2)�,
V = 3809.5(7) Å3, Z = 2. Crystal: 0.35 � 0.30 � 0.13 mm, 2h = 75�,
qc = 1.631 g cm�3, l(Mo Ka) = 3.67 mm�1, Tmin/max = 0.68. R1

0.039, wR2 0.093.
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