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Summary: Iodobenzene and 4-iodotoluene react with
[Ru3(CO)12] to give the oxidative addition products [Ru3-
(µ-I)(µ,η1:η6-C6H4R)(CO)8] (R ) H, 4-Me), whereas 1-io-
donaphthalene and 9-iodophenanthrene give the aryne
clusters [Ru4(µ4,η2-L)(CO)12] (L ) 1,2-naphthyne, 9,10-
phenanthryne).

Oxidative addition of alkyl and aryl halides is an
extremely important route to alkyl and aryl transition-
metal complexes and is involved in many catalytic
processes. Whereas oxidative addition reactions of
transition-metal carbonyl clusters have been used widely
to form organometallic clusters, surprisingly little work
has been reported on oxidative additions with carbon-
halogen bond cleavage. We have been searching for
straightforward and site-selective routes into arene
ligands that are simultaneously σ- and π-coordinated
in ruthenium and osmium clusters, as alternatives to
known methods from hydrocarbons,1,2 aryl phosphines,1,3
aryl sulfides,4 etc. Following reports that diphenyl
sulfide reacts with [Ru3(CO)12] to give the structurally

characterized product [Ru3(µ-SPh)(µ,η1:η6-Ph)(CO)8] (1)
(Chart 1) by C-S cleavage,4a that 2-bromobenzothiophene
reacts with [Os3(CO)10(MeCN)2] to give [Os3(µ-Br)(µ-
benzothien-2-yl)(CO)10] by C-Br cleavage, and that
other halocarbons react similarly,5 we have examined
some simple iodoarenes as precursors to aryl- and
aryne-ruthenium carbonyl clusters. Previously aryl
and aryne ligands in clusters have been formed by P-C6

or S-C4 cleavage.
Iodobenzene and 4-iodotoluene react with [Ru3(CO)12]

in refluxing octane (but not at lower temperatures) to
give much dark barely soluble material, but TLC of the
product mixture gave one soluble and tractable product
in each case. These products are directly analogous:
[Ru3(µ-I)(µ,η1:η6-C6H4R)(CO)8] (2) (R ) H) as a yellow-
orange oil (15%) and 3 (R ) 4-Me) as orange crystals
(14%).7 Both 2 and 3 were characterized by MS, IR,
and 1H NMR spectroscopy,8 and additionally the single-
crystal X-ray structure of 3 was determined (Figure 1).9
The 1H NMR spectrum of 2 showed five separate signals
at chemical shifts consistent with η6-coordination of the
Ph group, and the crystal structure of 3 established that
it contains a µ,η1:η6-aryl ligand. The structure is closely
related to that of [Ru3(µ-SPh)(µ,η1:η6-Ph)(CO)8] (1).4 In
addition to the µ,η1:η6-mode of Ph bridging, the µ,η1:η2
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and µ,η1:η1 modes of Ph are also known,6a,10 and there
may be intermediates with these types of aryl coordina-

tion in the formation of 2. We are now modifying the
reaction conditions to try to improve yields of 2 and 3
so that the reactivities of these compounds may be easily
explored.
Attempting to prepare analogues of 2 and 3 with

naphthyl and phenanthryl bridges, we carried out
similar reactions with 1-iodonaphthalene and 9-io-
dophenanthrene, but we were unable to isolate or even
observe spectroscopically any clusters related to clusters
2 and 3. In spite of substantial decomposition to a black
material which did not elute on TLC (SiO2) workup, we
obtained small quantities of a red product in each case
which were shown to be the iodo-free clusters [Ru4(µ4,η2-
C10H6)(CO)12] (4) (12%) and [Ru4(µ4,η2-C14H8)(CO)12] (5)
(15%). Cluster 5 was separated with difficulty by TLC
from phenanthrene which was formed as a byproduct.
The formation of phenanthrene might indicate a free-
radical mechanism for the reaction. The fate of the
iodine atoms is unknown; no ruthenium iodocarbonyl
complexes were identified.
Compounds 4 and 5 have closely similar IR spectra

around 2000 cm-1 and give parent molecular ions in the
FABmass spectra. Compound 4 gave six and compound
5 four (two of which overlap) 1H NMR signals as
expected for clusters containing a 1,2-naphthyne or a
symmetrical 9,10-phenanthryne ligand. Single-crystal
X-ray structures of 4 and 5 are closely similar so only
that of 5 is reported here (Figure 2).11 There is
approximate molecular C2v symmetry. The plane of the
phenanthryne ligand is vertical with the σ-bonds
Ru(3)-C(100) [2.167(4) Å) and Ru(4)-C(113) (2.151(5)
Å] in the vertical plane. There are π-interactions
between C(100)-C(113) and Ru(1) and Ru(2) in the
range 2.238(4)-2.257(4) Å. The metal-bonded carbon
atoms C(100) and C(113) are associated with longer
C-C bonds [1.464(6)-1.476(6) Å] compared with the
C-C distances in the noncoordinated C6 rings which
average 1.382 Å. This is the first aryne cluster of the
type [Ru4(aryne)(CO)12] based on an Ru4C2 octahedral
core, although there are alkyne compounds of this type

(7) Typical experimental procedures are as follows. [Ru3(µ-I)(µ,η1:
η6-C6H4CH3)(CO)8] (2): A mixture of 4-iodotoluene (0.074 g, 0.34 mmol)
and [Ru3(CO)12] (0.217 g, 0.34 mmol) in n-octane (15 mL) was refluxed
for 4 h to give a brown suspension. The solvent was removed and the
residue separated by preparative TLC on silica (eluent: 1:1 CH2Cl2-
hexane) to give a yellow band identified as [Ru3(CO)12] and a very weak
uncharacterized orange band, followed by a third, yellow band from
which 2 was isolated as orange crystals (14%), suitable for single-
crystal X-ray diffraction, by crystallization from a dichloromethane-
heptane mixture. Anal. Calcd for C15H7IO8Ru3: C, 26.57; H, 0.93.
Found: C, 25.99; H, 1.06. Cluster 1 was prepared similarly but could
not be crystallized. [Ru4(µ4,η2-C14H8)(CO)12] (4): A mixture of Ru3(CO)12
(0.263 g, 0.413 mmol) in n-octane (15 mL) and 9-iodophenanthrene
(0.125 g, 0.411 mmol) was refluxed for 6 h, and the solvent was removed
to give a dark powder. Preparative TLC (1:1 CH2Cl2-hexane) gave a
yellow band yielding [Ru3(CO)12], followed by a red band from which
4 was isolated as red crystals (15%) by recrystallization from a
dichloromethane-heptane mixture. Anal. Calcd for C26H8O12Ru4: C,
33.97; H, 1.08. Found: C, 33.92; H, 0.99.

(8) Selected spectroscopic data (IR for cyclohexane solutions; 1H
NMR at 400 MHz for CDCl3 solutions, J in Hz) are as follows: Data
for 2: IR ν(CO)/cm-1 2080 s, 2050 vs, 2019 s, 2009 s, 1992 s, 1983 s,
1974 w, 1963 w; 1H NMR δ 6.63 (tt, 1H, J 6.1, 1.2), 6.12 (td, 1H, J 1.3,
6.8), 5.96 (dt, 1H, J 1.2, 6.3), 5.39 (dt, 1H, J 1.3, 6.4), 4.78 (td, 1H, J
1.2, 6.6). Data for 3: IR ν(CO)/cm-1 2079 m, 2049 vs, 2017 s, 2008 s,
1991 s, 1981 s, 1971 w, 1961 w; 1H NMR δ 6.08 (dd, 1H, J 6.8, 1.3),
5.99 (dd, 1H, J 6.5, 1.7), 5.43 (dd, 1H, J 6.7, 1.8), 4.68 (dd, J 6.6, 1.3),
2.52 (s, 3H). Data for 4: IR ν(CO)/cm-1 2093 w, 2068 vs, 2044 vs, 2035
vs, 2011 s, 1985 w, 1975 m; 1H NMR δ 7.85 (d, 1H, J 9.0), 7.62 (dd,
1H, J 7.7, 1.0), 7.52 (dt, 1H, J 7.5, 1.3), 7.44 (dt, 1H, J 7.4, 1.3), 7.40
(dm, 1H, J 7.9), 6.70 (d, 1H, J 8.8). Data for 5: IR ν(CO)/cm-1 2093 w,
2068 vs, 2044 vs, 2038 vs, 2012 s, 1986 w, 1974 m; 1H NMR δ 8.40 (m,
2H), 7.52 (m, 4H), 7.34 (m, 2H).

(9) Crystal data for 3: C15H7IO8Ru3, monoclinic, P21/c, a ) 9.540-
(2) Å, b ) 13.940(2) Å, c ) 15.415(2) Å, â ) 107.48(1)°, V ) 1955(1) Å3,
Z ) 4, M ) 745.33, Dc ) 2.04 g cm-3, µ(Mo KR) ) 38.47 cm-1, λ )
0.710 73 Å. Intensity data were collected on a crystal of dimensions
0.30× 0.38× 0.40 mm on a Nicolet R3v/m diffractometer with graphite
monochromator. A total of 4030 reflections were used with I > 3σ(I).
Solution was by direct methods with full-matrix least-squares refine-
ment of 244 parameters. R ) 0.044, and Rw ) 0.060.

(10) Hoferkamp, L. A.; Rheinwald, G.; Stoeckli-Evans, H.; Süss-Fink,
G. Organometallics 1996, 15, 704. (b) Arce, A. J.; Arrojo, P.; Deeming,
A. J.; De Sanctis, Y. J. Chem. Soc., Chem. Commun. 1991, 1491.

(11) Crystal data for 5: C26H8O12Ru4, monoclinic, C2/c, a )
16.878(2) Å, b ) 9.444(2) Å, c ) 34.547(5) Å, â ) 90.57(1)°, V )
5504(1) Å3, Z ) 8, T ) 293(1) K, M ) 916.62, Dc ) 2.21 g cm-3, µ(Mo
KR) ) 21.75 cm-1, λ ) 0.710 73 Å. Intensity data were collected on a
crystal of dimensions 0.65 × 0.40 × 0.30 mm on a Nicolet R3v/m
diffractometer with graphite monochromator. A total of 5259 reflections
were used with I > 3σ(I). Solution was by direct methods with full-
matrix least-squares refinement of 379 parameters. R ) 0.036, and
Rw ) 0.044.

Chart 1

Figure 1. Structure of [Ru3(µ-I)(µ,η1:η6-C6H4Me)(CO)8] (3)
with thermal ellipsoids at the 30% probability level. Bond
lengths (Å): Ru(1)-Ru(2) 2.786(1), Ru(1)-Ru(3) 2.887(1),
Ru(2)‚‚‚Ru(3) 3.929(1), Ru(1)-I(1) 2.716(1), Ru(2)-I(1)
2.732(1), Ru(2)-C(1) 2.103(6), Ru(3)-C(1) 2.321(8), Ru(3)-
C(2) 2.270(8), Ru(3)-C(3) 2.284(7), Ru(3)-C(4) 2.320(7),
Ru(3)-C(5) 2.307(7), Ru(3)-C(6) 2.278(8).
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known for Ru.12 The other known example of a 1,2-
naphthyne Ru4 cluster is geometrically very different
from 4. Reaction of tris(1-naphthyl)arsine with [Ru3-
(CO)12] gives, among other products, the 1,2-naphthyne
cluster [Ru4(µ4,η2-C10H6)(AsC10H7)(CO)11] (6).13 A square
Ru4 arrangement is adopted for the 62-electron cluster

6, whereas clusters 4 and 5 are 60-electron clusters with
butterfly geometries. Whereas the naphthyne plane is
vertical in 4, it lies 75.3° to the metal plane in 6 and
benzyne ligands in the closely related clusters [Ru4-
(µ4,η2-C6H4)(PR)(CO)11] (R ) Ph, Fc, CH2NPh2) are
ataround 51° to the metal plane and are considered to
be 6-electron-donating η1:η1:η4 ligands.14

The reason that two types of products are formed from
iodobenzene, 4-iodotoluene, 1-iodonaphthalene, and 9-io-
dophenanthrene is not clear to us. Possibly the latter
two compounds form clusters like 2 and 3 initially before
further reaction with more [Ru3(CO)12] to give clusters
4 and 5, respectively. Cluster 2 was reacted with [Ru3-
(CO)12] in an attempt to form the benzyne compound
[Ru4(µ4,η2-C6H4)(CO)12], but there was no evidence for
this compound from this reaction. However, our results
do point to the potential of iodoarenes as precursors to
aryl and aryne ligands in ruthenium clusters and we
are examining other examples to develop this chemistry.
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Figure 2. Structure of [Ru4(µ4,η2-C14H8)(CO)12] (5) with
thermal ellipsoids at the 30% probability level. Bond
lengths (Å): Ru(1)-Ru(3) 2.706(1), Ru(1)-Ru(4) 2.751(1),
Ru(2)-Ru(3) 2.734(1), Ru(2)-Ru(4) 2.719(1), Ru(3)-Ru(4)
2.865(1), Ru(3)-C(100) 2.167(4), Ru(4)-C(113) 2.151(5),
Ru(1)-C(100) 2.244(4), Ru(1)-C(113) 2.249(4), Ru(2)-
C(100) 2.238(4), Ru(2)-C(113) 2.257(4), C(100)-C(101)
1.476(6), C(100)-C(113) 1.464(6), C(113)-C(112) 1.468(6).
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