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The reactions of the basal edge-bridged square pyramidal hexanuclear clusfes-HRu(us-«>-ampy)-
(u-COX(CO)4] (1; Haampy= 2-amino-6-methylpyridine) with diphenylbutadiyne give mixtures of cluster
compounds, the composition of which depends on the reaction time and temperature. The following
products have been isolated and characterized:s({lBu?-ampy)fus-173-PhCCCCHPh)u-CO)(CO) 4|
(two isomers,2 and 3), [Rus(us-«c>-ampy)fus-17*-transPhCCCHCHPh){-CO)(CO)4] (4), and [Ru(us-
k2-ampy)fus-n?-transPhCCCHCHPh){®-PhMe)-CO)(CQO}] (5). In all products, the ampy ligand is

attached to five metal atoms through its nitrogen ato

ms, in the same way as in canfiese compounds

represent unusual examples of 1,1- drahs1,2-additions of two hydrogen atoms to an internal CC
triple bond, since and 3 contain a hydrocarbon ligand that arises from the migration of the original
hydrides ofl onto a terminal carbon atom of the diyng €hain, and4 and5 contain a 1,4-diphenyl-
trans-butenyne ligand. The reaction pathway- PhGC,Ph— 2 — 3 — 4 — 5 has been established by
studying the individual thermolysis of compoun&s4 and reactions ofl with diphenylbutadiyne at

different reaction times and temperatures.

Introduction

Many reactions of transition metal carbonyl cluster complexes
with conjugated diynes have been reported over the last two
decades. These studies have shown that the cluster chemistr
of diynes is very rich and that it strongly depends on the nature
of the metal cluster and the diyne used?

Most metal clusters whose reactivity with diynes has been
studied contain no hydride ligands. These clusters react with
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diynes to give products in which the diynes behave as alkyne
ligands?2 These diyne-containing clusters frequently undergo
intramolecular (ligand cyclization) and/or intermolecularC

coupling reactions with one or more additional diyne molecules

Yo give products that often contain large unsaturated hydrocar-

bons as ligand%* Monohydridd® and some dihydridc®
carbonyl metal clusters react with diynes, via migratory inser-
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Reactvity of PhGC,Ph with a Ry Dihydride

tion, to give ynenyl derivatives, some of which are also prone
to react with more diyne molecules to give large unsaturated
hydrocarbyl ligand$§.Diynes bound to osmium clusters are able

to incorporate hydrogen atoms upon treatment with weiter.

Of relevance to the investigation reported here is the key point
that the reactions of diynes with di- and polyhydrido metal
clusters may lead to hydrogenated diyne ligandss{DHl).-
(CO)q] induces diyne monohydrogenations (formation of ynenyl
ligands)? cyclizations3¢~" and rearrangementdput no dihy-
drogenations. However, the reaction of pRuH) (u-PPh)-
(CO)2] with diphenylbutadiyne affords products with dihydro-
genated diyne ligands that result from the addition of two
hydrogen atoms incis-1,2- and 1,4-position%, while the
reactions of [Ru(u-H)4(CO) 2 with conjugated diynes give
products that contain 1,1- and 1,4-hydrogenated diyne liginds.

On the other hand, we have recently reported a high-yield
synthesis of the hexaruthenium dihydride §Rug-H)x(us-«-
ampy)u-CO)(COh4 (1; Hampy = 2-amino-6-methylpyri-
dine), which has a basal edge-bridged square pyramidal metallic
skeletont! Previous hexaruthenium cluster complexes with this
metallic framework were very scarce, all being low-yield
byproducts of processes that generally involve various steps
from [Rug(CO)2].2271* The high-yield synthesis of compleix
in a one-pot reaction from [R(CO)2] and 2-amino-6-meth-
ylpyridine'* allowed us to undertake a systematic study of its
reactivity. We have already reported the reactionsl afith
phosphane¥ [PPN][BHg4],'® and diphenylacetyleng.

Diphenylacetylene reacts with to give cis-stilbene and a
nonhydridic intermediate that reacts with more alkyne to give
alkyne-containing cluster derivativésThese results prompted
us to study the reactivity df with diphenylbutadiyne. We now
report the results of that study, which include the isolation of
new hexa- and pentanuclear cluster complexes containing
ligands that arise from unusual hydrogenations of the diyne in
1,1- andtrans1,2-positions.
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Results and Discussion

Synthesis of Compounds 25. Mixtures of products were
always obtained from reactions of compouhdith diphenylb-
utadiyne in toluene at reflux temperature (110). IR and

isolated by chromatographic methods. In all cases, conplex
was the major product (3845%), but its yield decreased with
the reaction time. Compourdl was always a minor product
(<14%), regardless of the reaction time. Compo&r{8—7%)
appeared only after long reaction timesg( h). No attempts

qualitative TLC monitoring of the reactions indicated that the Were made to isolate each product in the highest possible yield.

number of reaction products and the amount of each product

Aiming to isolate early reaction intermediates, complexas

varied with the reaction time and with the ratio of the reactants. alSo treated with diphenylbutadiyne at 3D. As expected, the
In all cases, insoluble decomposition solids precipitated from rate of this reaction was very slow (IR and TLC r2r10n|tor|ng).
the resulting solutions. Using a 1:1.5 cluster to diyne mol ratio, After 11 days, a new hexanuclear compound [R<*-ampy)-

the complete consumption of the starting materalwas

(us->-PhCCCCHPh)-CO)(COY (2), could be isolated by

observed after 1 h. From these reactions, the hexa- andchromatographic methods in 5% yield from a mixture that also

pentanuclear derivatives [Rus-«x?-ampy)s-73-PhCCCCH-
Ph)-CO)(CO)4] (3), [Rus(us-«>-ampy)fus-n*-transPhCCCH-
CHPh)@-CO)(CO)4 (4), and [Ru(us-«>-ampy)fus-n>-trans
PhCCCHCHPh){-PhMe){-CO)(CO}] (5) (Scheme 1) were
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A. New J. Chem1988 12, 481. (d) Adams, R. D.; Qu, X.; Wu, W.
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contained the starting material(12%) and a small amount of
complex3 (4%) (Scheme 1). Again, a considerable amount of un-
tractable decomposition solid accompanied the resulting solu-
tion. We made no attempts to optimize the yield of compound
2.

Characterization of Compounds 2-5. These compounds
were analyzed by elemental microanalysis, FAB mass spec-
trometry, IR and'H NMR spectroscopies, and single-crystal
X-ray diffraction.

Their 'H NMR spectra confirmed the absence of hydride
ligands and the incorporation of two hydrogen atoms to the
hydrocarbon ligand. Thé,—y coupling constants between these
two hydrogen atoms were very similar in all cases: 12)1 (
13.5 @), 13.8 @), and 15.4 Hz%). These values ruled out the
possibilities ofcis-1,2- and 1,4-hydrogenations of the diyne,
for which Jy—y couplings of 6-10 HA2° and 0 HZz52.9.10
respectively, should be expected. Coupling constants of
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Figure 1. Molecular structure of compourftl The C and O atoms
of each carbonyl ligand bear the same number.

Table 1. Selected Bond Distances (A) in Compounds-5

2 3 4 5
Ru(l-Ru(2)  2707(2)  2.716(1) 2.6856(4)  2.730(1)
Ru(l-Ru(d)  2.767(2)  2.711(1) 2.6736(4)  2.687(1)
Ru(l-Ru(4)  2.706(2)  2.673(1) 2.6956(4)  2.734(1)
Ru(2-Ru(3d)  2.660(2)  2.740(1) 2.7729(4)  2.741(1)
Ru@y-Ru(5)  2.785(2)  2.744(1) 2.7590(4)  2.687(1)
Ru(2)-Ru(6) 3.008(1) 2.7959(4)
Ru(@-Ru(5)  2.802(2)  2.784(1) 2.7273(4)  2.744(1)
Ru(4)-Ru(6)  2.935(2)
Ru(51-Ru(6)  2.666(2)  2.668(1) 2.8154(4)
N(1)~Ru(1) 2.152(9)  2.172(7) 2.179(3) 2.172(5)
N(1)-Ru(2) 2.164(9)  2.138(8) 2.150(3) 2.191(5)
N(1)—Ru(4) 2.269(9)  2.254(7) 2.198(3) 2.160(5)
N(1)—Ru(5) 2.337(9)  2.275(7) 2.205(3) 2.262(5)
N(2)—Ru(3) 2.24(1) 2.222(8) 2.230(3) 2.250(5)
C(7)-Ru(1) 2.171(9) 2.342(4) 2.319(6)
C(7)-Ru(2) 2.300(9)
C(7)-Ru(4) 2.345(9) 2.148(4) 2.087(6)
C(7)-Ru(5) 2.30(1) 2.339(4) 2.386(6)
C(7)-Ru(6) 2.06(1)
C(8)-Ru(1) 2.295(4) 2.262(6)
C(8)-Ru(2) 2.37(1) 2.227(8) 2.120(4) 2.219(6)
C(8)-Ru(4) 2.28(1) 2.383(9)
C(8)-Ru(5) 2.11(1) 2.073(9) 2.370(4) 2.356(6)
C(9)-Ru(1) 2.20(1)
C(9)-Ru(2) 2.26(1)
C(9)-Ru(4) 2.38(1)
C(9)-Ru(5) 2.287(9)
C(9)-Ru(6) 2.062(10)  2.339(4)
C(7)-C(8) 1.39(2) 1.405(12)  1.437(5) 1.456(8)
C(8)-C(9) 1.39(2) 1.376(13)  1.468(5) 1.489(8)
C(9)—C(10) 1.54(2) 1.508(14)  1.376(6) 1.348(9)

12—15 Hz have been reported for the €ldrotons of Ry
clusters that contain a ligand that arises from a 1,1-hydrogenationJohnson, B. F. G.; Lewis, J.; Raithby, P.Chem. Soc., Chem. Commun.
of diphenylbutadiyné?
Their molecular structures were determined by single-crystal D. M. Organometallics1997, 16, 289. (i) Bruce, M. |.; Zaitseva, N. N.;
X-ray diffraction. As far as possible, for comparison purposes, Skelton, B. W.; White, A. HJ. Chem. Soc., Dalton Tran2002 3879. (j)
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Figure 2. Schematic representation of the two canonical forms of
the hydrocarbon ligand of compourzd

skeleton, with two face-capping hydrides andseampy ligand
(Scheme 1}! The most relevant feature &fis that it contains

a hydrocarbon ligand that results from the addition of two
hydrogen atoms to the terminal carbon atom, C(10) in Figure
1, of the original diphenylbutadiyne ligand. The coordination
of this new ligand induces the displacement of the apical Ru
atom of 1 to an edge-bridging position (i, the Ru(6) atom
spans the Ru(4)Ru(5) edge) and the distortion of the square
defined by the Ru(1), Ru(2), Ru(4), and Ru(5) atoms toward
an incipient butterfly arrangement. These four metal atoms are
now attached to the C(7) and C(8) atoms of the ligand in such
a way that the line defined by these atoms is almost parallel to
the Ru(1}>Ru(5) vector. The values of the« and C-Ru
distances in which the C(7), C(8), and C(9) atoms of the new
ligand are involved suggest that this ligand may be considered
as a resonance hybrid of two canonical forms: 1,4-diphenylbut-
2-yn-1,1-diyl and 1,4-diphenylbuta-1,2-dien-1,3-diyl (Figure 2).
In the first canonical form, the carbene carbon atom C(7) spans
the Ru(5)-Ru(6) edge and the C atoms of the alkyne fragment
areo-bonded to Ru(1) and Ru(5) andbonded to Ru(2) and
Ru(4). This type of coordination of an alkyne ligand to four
metal atoms has been previously observed on many occasions,
including some tetra?¢-17-19 penta-16-18 hexa-1620 and hep-
tarutheniun® complexes. The participation of the 1,4-diphe-
nylbuta-1,2-dien-1,3-diyl canonical form is mainly evidenced
by the fact that the C(ARu(5) distance is 0.24(1) A longer
than the C(7)»-Ru(6) distance and that the C{7F(8) distance,
1.39(2) A, is shorter than expected for a single@bond (viz.,
1.54(2) A for C(9)-C(10)). The coordination of the ampy ligand

is analogous to that found in compléx! The cluster shell is
completed with 14 terminal and one bridging CO ligand.

As expected for clusters having;-alkyne ligands! com-
pound2 disobeys the EAN rule, since it has eight metaletal
bonds and an electron count of 90 (two electrons less than the
predicted 92). However, these clusters are well described by
the polyhedral skeletal electron pair theory, considering the
alkyne carbon atoms as part of the polyhedibn.

(17) Adams, R. D.; Babin, J. E.; Tasi, M.; Wolfe, T. @rganometallics
1987, 6, 2228.

(18) Ho, E. N. M.; Wong, W. TJ. Chem. Soc., Dalton Tran4998
4215.

(19) See, for example: (a) Blohm, M. L.; Gladfelter, W.Qrganome-
tallics 1986 5, 1049. (b) Ho, E. N. M.; Wong, W. Td. Chem. Soc., Dalton
Trans.1998 513. (c) Ho, E. N. M.; Lin, Z.; Wong, W. TEur. J. Inorg.
Chem.2001, 1321. (d) Corrigan, J. F.; Doherty, S.; Taylor, N. J.; Carty, A.
J. Organometallics1985 4, 2066. (e) Corrigan, J. F.; Doherty, S.; Taylor,
N. J.; Carty, A. J.Organometallics1993 12, 1365. (f) Jackson, P. F.;

198Q 1190. (g) Braga, D.; Grepioni, F.; Brown, D. B.; Johnson, B. F. G;
Calhorda, M. JOrganometallicsl996 15, 5723. (h) Deeming, A. J.; Speel,

Bruce, M. I.; Skelton, B. W.; White, A. H.; Zaitseva, N. Rust. J. Chem.

the four X-ray structures share a common atom-numbering 1999 52 681

scheme.

Figure 1 shows the molecular structure of compo@né

selection of intramolecular distances is given in Table 1. The
structure can be described as derived from that of complex

(20) Adams, R. D.; Babin, J. E.; Tasi, M.; Wolfe, T. Rolyhedron1988
7, 1071. )

(21) (a) Cabeza, J. A.; GaezAlvarez, P.; Pez-Carrén, E. Organo-
metallics2005 24, 2000. (b) Koentjoro, O. F.; Low, P. J.; Rousseau, R.;
Nervi, C.; Yufit, D. S.; Howard, J. A. K.; Udachin, K. AOrganometallics

which has a basal edge-bridged square pyramidal metallic 2005 24, 1284.
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Figure 3. Molecular structure of compourgl The C and O atoms
of each carbonyl ligand bear the same number.

As far as we are aware, there is only one previous report
describing the 1,1-hydrogenation of a diynesC bond. That

paper reports the synthesis of [Ruu-RCHCsR)(CO)7] (R = Figure 4. Molecular structure of compourt The C and O atoms
Me, SiMe;, Ph) from reactions of [Rifu-H)4(CO)2] with the of each carbonyl ligand bear the same number.

corresponding diynes. Interestingly, the R&LKER ligands of

these clusters are best described as allene-1,3-diyl ligands, sincgor the Ru(CO) fragment that bridges the Ru2Ru(5) edge
they bind the metal atoms of a butterfly Rarrangement in  and (b) an;5-toluene solvent molecule for the three CO ligands
such a way that each terminal C atom of their nearly linear C that are attached to Ru(4). This structure is similar to that of

fragment iso-attached to a metal atom and each allerreGC [Rus(us-k2-ampy)us-n2-PhCCPh)(e-PhMe)-CO)(CO}Y), 16
bond isz-bonded to another metal atofhThis contrasts with which contains diphenylacetylene insteadtains-1,4-diphe-

the structural situation found in compou@d nylbutenyne.

The molecular structure of compouds shown in Figure Reaction Pathway.With the objective of gaining a deeper
3. A selection of intramolecular distances is given in Table 1. insight into the relationships between the compounds involved
The structure can be described as derived from that of complexin the reaction of complexL with diphenylbutadiyne, the
2. It has the same hydrocarbon ligand2asut now, the carbon  individual thermolysis of compounds-4 was studied. These
atom that bridges the Ru(SRu(6) edge is C(9), while C(7)  reactions were monitored by analyzing #€NMR spectra of
and C(8) cap the distorted metallic square. Although the metallic the residues obtained after removing the solvent of aliquots taken
skeleton is different from that d& (now the Ru(6) atom spans  from the reacting solutions at different reaction times.
the Ru(2)-Ru(5) edge), the coordination of the hydrocarbon  The thermolysis of compleR at 83 °C gave, initially, a
ligand to the metallic framework is comparable to that in transient species that was completely converted into compound
compound2. Therefore, all the comments made above relative 3 after 24 h. No further evolution of compléxwas observed
to the hydrocarbon ligand of compouBélso apply for complex gt this temperature. At 11%C, complex3 slowly evolved into
3. a mixture of compounds. After 10 h, the solution contained
The molecular structure of compoudds shown in Figure  complexes3 and5 in ca. 1:1 ratio along with trace amounts of
4. A selection of bond distances is given in Table 1. The complex4 and other unidentified species. In a parallel experi-
hexametallic skeleton and the arrangement of the ampy ligandment, complex was completely converted into compl&xfter
in 4 are comparable to those & The most important difference 2.5 h at 110°C.
between these two complexes is that the hydrocarbon ligand of These data indicate that the transformatior2dhto 3 has
4 is trans-1,4-diphenylbutenyne. This ligand is bound through much lower activation energy than the transformatios ofto
its alkene C(9)-C(10) fragment to Ru(6) and through the alkyne 4. |n addition, the conversion & into 4 is also slower than

C(7)-C(8) fragment to the distorted metallic square in such a that of 4 into 5. This explains why comple® is the major
way that now the alkyne C(#C(8) bond is parallel to the Ru-

(2)—Ru(4) vector, the alkyne r95U|ting'b0r]d?d to RP(Z) and (22) See, for example: (a) Joy, J. R.; Orchin, 31.Am. Chem. Soc.
Ru(4) andrz-bonded to Ru(1) and Ru(5). Itis interesting to note 1959 81, 310. (b) Zambonelli, L.; Spagne, R. Chem. Soc. (A1971
that, to our knowledge, metal complexes of conjugdtads- 2544. (c) Bilhou, J. L.; Basset, J. M.; Mutin, R.; Graydon, W.JEAM.

. hem. Socl977, 99, 4083. (d) Clark, G. R.; Clark, P. W.; Marsden, K.
enynes are unprecedented and that the observation of metah,qanomet. Chemio79 173 231. (e) Grevels, F. W.: Lindemann, M.;

complexes containingrans-alkene ligands is infrequeft. Benn, R.; Goddard, R.; Krueger, @. Naturforsch.198Q 35B, 1298. (f)
Compoundb is pentanuclear. Its molecular structure (Figure Slark, G. R.. Cochrane, C. M.; Clark, P. W. Organomet. Chenl.982
. . 236, 179. (g) Adams, R. D.; Che, G.; Yin, @rganometallics1991, 10,

5, Table 1) can be described as derived from that of compoundog7. (i) Pu, J.; Peng, T. S.; Mayne, C. L.; Arif, A. M.; Gladysz, J. A.

4, resulting from the formal replacement of (a) a carbonyl ligand Organometallics1993 12, 2686.
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Figure 5. Molecular structure of compour The C and O atoms

of each carbonyl ligand bear the same number.

Scheme 2. Proposed Reaction Pathway for the Formation
of Compound 2 from 1 and Diphenylbutadiyne
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Scheme 3. Proposed Reaction Pathway for the
Transformation of Compound 3 into 4
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have been omitted for clarity, Ris the metallic square, Ru(3)

is the metal atom attached to the pyridine N atom, and Ru(6) is
the metal atom that is not attached to the ampy ligand (these
two metal atoms maintain the same numbers as in the X-ray
structures). The vacant sites necessary for the reactibrvih

the diyne would arise from the loss of a CO ligand and from
the displacement of the apical Ru(6) atom to an edge-bridging
position, most probably that opposite the edge bridged by Ru-
(3), as found in compleR. In speciedA, it is also proposed
that the diyne caps the Rmetallic square through one of its
alkyne moieties, as previously found in related alkyne
complexes20 A migratory insertion process would give
speciesB, which contains a bridging:n2-alkenyl-type ligand.

A subsequent Markonikov migratory insertion process would
lead to specie€, which contains a CkPh fragment. Finally, a
multistep rearrangement of the ligand on the metallic framework
would lead to compound.

The isomerization process that transforms compaimto
3implies a rearrangement of the metallic framework, since Ru-
(6) moves to an edge of the square adjacent to that spanned by
Ru(3), and a profound change in the coordination of the diyne-
derived ligand, which rotates nearly I'80ver the metallic
framework. We cannot suggest a mechanistic proposal for such
a complicated isomerization.

The transformation of compoun@® into 4 is also an
isomerization process that mainly implies the transformation
of the organic ligand o8 into atrans-enyne (in4). A proposal
for such a transformation is depicted in Scheme B-#ydrogen
elimination of one of the H atoms of the GPh moiety of3
would render a hydrido derivative containing gh?-alkenyl-

and4 have been observed only in small amounts at any reactiontype ligand D). Migration of this hydride to the atom of the
time. These data, coupled with the results obtained from metallic square that is-bonded to the alkenyl fragmert (F)
reactions ofl with diphenylbutadiyne at different times and and a subsequent reductive elimination would lead to compound
temperatures (commented upon above), allow us to propose thet, which has arans-enyne ligand. This ligand-transformation

following reaction pathway:

1+ PhCC,Ph—2—3—4—5

process is accompanied by a subtle modification in the
coordination of the alkyne moiety of the organic ligand, which
rotates ca. 90with respect to the atoms of the metallic squire.

If the S-hydrogen elimination step had taken place with the other

We have no doubt that the number of real intermediate speciesH atom of the CHPh moiety (rotation of the PhGHC bond
between compoundsand5 is greater than three; in fact, some  0f 3 is possible), then ais-enyne derivative would have been
of them have been detected in small or very small amounts by the final product. However, such a product has not been
1H NMR spectroscopy and/or TLC, but we have been unable identified in the reaction solutions accompanying complex

to characterize them.

A simplistic proposal that would explain the formationf
from 1 and diphenylbutadiyne is shown in Scheme 2. In this

(23) The mobility of alkynes on W faces is well known. See, for
example: Lo, W. Y.; Lam, C. H.; Fung, W. K. M.; Sun, H. Z.; Yam, V.
W. W.; Balcells, D.; Maseras, F.; Eisenstein, Chem. Commur2003

and in the following schemes, the carbonyl and ampy ligands 1260.
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Scheme 4. Proposed Reaction Pathway for the
Transformation of Compound 4 into 5
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Only a few metal clusters containings-enyne ligands have
been reported as products of reactions of hydrido clusters with
conjugated diyne®° However, no metal clusters containing

Organometallics, Vol. 25, No. 6, 2006497

Certainly, the most important feature of this work is that it
reports very unusual examples of addition of two hydrogen
atoms to a internal CC triple bond of a conjugated diyne in
1,1- (compound® and3) andtrans-1,2-positions (compounds
4 and5). The latter process has never been observed previously.
While the transformations & into 3 and4 into 5 maintain the
nature of the diyne-derived ligand present in the corresponding
initial product, thetrans-1,2-addition produc# arises from the
1,1-addition producB. Interestingly, for the 1,1-addition, at least
two different metal atoms should be involved in the transfer of
the two hydrides to the coordinated diyne (Scheme 2). Similarly,
at least two metal atoms should be involved in the 1,2-hydrogen
transfer that leads té from 3 (Scheme 3). Therefore, it seems
that these processes can take place only on polynuclear metal

trans-enyne ligands have been reported as products from theseclusters.

reactions.

Scheme 4 displays a proposal that would account for the
transformation of compound into 5. We propose that, under
the reaction conditions, compléxeleases a Ru(C@jragment
to give the pentanuclear complex [Rus-«2-ampy)fs-n-trans
PhCCCHCHPh)-CO)(CO)] (G). A subsequent reaction of
G with the toluene solvent would end in the pentanuclgar
toluene derivativé. This proposal is supported by the fact that
a complex analogous t6, having diphenylacetylene instead
of trans1,4-diphenylbutenyne and characterized by X-ray
diffraction, is a precursor of thgb-toluene [Ru(us-k2-ampy)-
(ua-m?-PhCCPh){8-PhMe){-CO)(CO}], which is analogous to
compound5.t® ComplexG would also be structurally related
t0 [Rus(u4-S)(ua-7>-PhCCH){-CO)(CO)3]*"2° and [Rus(ua-
NH)(u4-72-PhCCH){-CO)(CO)4].18 These latter complexes
have in common their metallic skeletons and the way the alkyne
coordinates to the metals, but differ in the nature of the ancillary

Experimental Section

General Data. Solvents were dried over sodium diphenyl ketyl
(hydrocarbons, THF) or CaH(1,2-dichloroethane) and distilled
under nitrogen prior to use. The reactions were carried out under
nitrogen, using Schlenkvacuum line techniques, and were rou-
tinely monitored by solution IR spectroscopy (carbonyl stretching
region) and spot TLC. Compountiwas prepared as previously
reportedi! IR spectra were recorded in solution on a Perkin-Elmer
Paragon 1000 FT spectrophotometét. NMR spectra were run
on a Bruker DPX-300 instrument, at room temperature, using the
dichloromethane solvent resonance as internal standards(30).
Microanalyses were obtained from the University of Oviedo
Analytical Service. FAB-MS were obtained from the University
of Santiago de Compostela Mass Spectrometric Service; data given
refer to the most abundant molecular ion isotopomer.

Reactions of Compound 1 with Diphenylbutadiyne. Reaction
a. A solution of 1 (100 mg, 0.086 mmol) and diphenybutadiyne

ligand that caps the metallic square. In addition, the excision (26 mg, 0.129 mmol) in toluene (20 mL) was heated at reflux
of Ru(CO}) fragments from ruthenium carbonyl clusters is not temperature for 1 h. The initial dark brown color was maintained.
unusual when working at high temperatutést?.20.24 For The solvent was removed under reduced pressure, and the residue
example, a cluster reduction process, similar to that describedwas dissolved in dichloromethane (3 mL). The resulting solution

herein for the hexa- and pentanuclear compouhasd5, was
observed to occur for the clusters [fRuu-S)(CO)g] and [Rus-
(14-S)(CO) 414> The formation of arene derivatives from arenes
and ruthenium carbonyl clusters at high temperatures is well
documented?®

Concluding Remarks

The reaction of compound with diphenylbutadiyne is

complicated. Nevertheless, a reaction pathway that implies the

sequential transformation of compouhéhto four new products

was supported on preparative silica gel TLC plates. Repeated elution
of the plates with hexanrediethyl ether (3:1) eluted several bands.
The two major bands were worked up to afford, in order of elution,
compoundégl (16 mg, 14%, brown solid) ar@l(48 mg, 42%, brown
solid). A black residue remained uneluted at the baseline of the
plates.

Reaction b. A solution of 1 (100 mg, 0.086 mmol) and
diphenylbutadiyne (26 mg, 0.129 mmol) in toluene (20 mL) was
heated at reflux temperature for 10 h. The initial dark brown color
was maintained. The solution was worked up as above. The three
major TLC bands were extracted to afford, in order of elution,
compounds4 (4 mg, 3%, brown solid)3 (32 mg, 28%, brown

(2-5) has been established. In all cases, the new hydrocarbonggjig), ands (5 mg, 5%, dark green solid). A black residue remained

ligands contain an alkyne fragment that prefers to cap a

uneluted at the baseline of the plates.

(distorted) square of metal atoms rather than to coordinate to @ Reaction c¢. A solution of 1 (100 mg, 0.086 mmol) and

triangular metal face, even though thig-coordination forces
the metal atom that originally occupied such a site to move
toward an edge-bridging positio2,(3, and4) or to leave §)
the cluster.

As observed previously in the reactions of compodriith
alkynes!® the present work also demonstrates that the ampy

diphenylbutadiyne (26 mg, 0.129 mmol) in 1,2-dichloroethane (20
mL) was heated at 50C for 11 days. After this time, some
compoundl still remained in the solution (IR spectroscopy). The
original dark brown color acquired a greenish tone. The solution
was worked up as above. The three major TLC bands were extracted
to afford, in order of elution, compoun@s(6 mg, 5%, dark green

ligand behaves as a useful label to trace reaction products byS°lid), 3 (5 mg, 4%, brown solid), andl (12 mg, 12%, dark brown
1H NMR spectroscopy, behaving also as a reliable anchor that Solid). A black residue remained uneluted at the baseline of the
is able to maintain the pentanuclear edge-bridged square metaP'tes-

framework in reactions performed at high temperatures.

(24) Cabeza, J. A.; da Silva, |.; del&il.; Martinez-Mendez, L.; Miguel,
D.; Riera, V.Angew. Chem. Int. EQR004 43, 3464.

(25) For a review omS-arene ruthenium clusters, see: Braga, D.; Dyson,
P. J.; Grepioni, F.; Johnson, B. F. Ghem. Re. 1994 94, 1585

Thermolysis of Compound 2.A solution of 2 (6 mg, 0.005
mmol) in 1,2-dichloroethane (5 mL) was stirred at reflux temper-
ature. The reaction was monitored ¥y NMR spectroscopy. After
6 h, the solution contained compl&and an unidentified species
in ca. 1:1 ratio. After 24 h, compleXwas the only product in the
solution.
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Table 2. Crystal, Measurement, and Refinement Data for the Compounds Studied by X-ray Diffraction

2:0.5(CHCly) 3 4-CH,Cl, 5
formula G7H18N2015RUs*0.5(CHCly) Ca7H18N2015RUs Ca7H18N2015RUs* CHoCl CagH26N2010RUs
fw 1379.42 1336.95 1421.88 1187.97
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/c P2i/c P2i/n P2i/c
a, A 18.171(7) 17.567(4) 12.5797(1) 13.978(6)

b, A 17.315(7) 12.218(3) 31.0551(4) 15.679(7)

c, A 15.119(6) 18.911(4) 12.7125(2) 18.975(8)

B, deg 97.587(9) 97.009(4) 117.678(1) 111.098(8)
vol, A3 4715(3) 4028(1) 4398.0(1) 3880(3)

z 4 4 4 4

F(000) 2636 2552 2720 2296

Dcalca g CM—3 1.943 2.204 2.147 2.034

radiation ¢, A) Mo Ko (0.71073) Mo Ko (0.71073) Cu Kt (1.54180) Mo Kux (0.71073)
u, mmt 1.993 2.264 17.991 1.962

cryst size, mm 0.04 0.21x 0.36 0.26x 0.16x 0.14 0.20x 0.15x 0.13 0.13x 0.23x 0.26
temp, K 296(2) 296(2) 293(2) 296(2)

0 limits, deg 1.13t0 23.27 1.17 t0 23.26 2.85t0 68.44 1.56 to 23.27
min./max.h, k, | —20/14,—18/19,—12/16 —19/18,—12/13,—20/17 —15/15,—35/37,—15/15 —15/14,-13/17,—21/19
no. of collected rflns 20715 17 410 39853 16 847

no. of unique rflns 6768 5767 8077 5583

no. of reflnsl > 20(1) 5030 4689 7470 4862

abs corr SADABS SADABS XABS2 SADABS
max./min. transmn 1.000/0.662 1.000/0.783 0.105/0.070 1.000/0.779
no. of params/restraints 573/0 542/0 576/0 507/0

GOF onF? 1.050 1.073 1.083 1.197

R1 (onF, | > 20(1)) 0.0630 0.0498 0.0302 0.0351

WR2 (onF?, all data) 0.1699 0.1190 0.0801 0.0770
max./min.Ap, e A-3 1.379+0.910 2.185+0.869 0.860+1.362 0.702 /-0.554

Thermolysis of Compound 3.A solution of 3 (15 mg, 0.011
mmol) in toluene (5 mL) was stirred at reflux temperature. After
10 h, the solution contained complex@sand5 in ca. 1:1 ratio
along with a trace amount<@%) of complex4 (*H NMR
spectroscopy) and other unidentified species.

Thermolysis of Compound 4.A solution of 4 (4 mg, 0.003
mmol) in toluene (5 mL) was stirred at reflux temperature. After
2.5 h, the solution contained only complBX*H NMR spectros-
copy).

Data for [Rug(us-k?-ampy)(us-3-PhCCCCH,Ph)(u-CO)-
(CO)14] (2) Anal. Calcd for G7H1gN>0O15RUs (fW = 133696) C,
33.24; H,1.36; N, 2.10. Found: C, 33.21; H, 1.34; N, 2.06. Positive
FAB-MS: m/z1338 [M']. IR (CH.Cl,): »(CO) 2084 (w, sh), 2068
(vs), 2032 (m), 2014 (m, sh), 2006 (s), 1976 (w, br), 1947 (w, sh),
1934 (w, br), 1855 (w, br) cmt. tH NMR (CD,Cl,): 6 7.75-7.60
(m, 2 H, Ph), 7.437.28 (m, 3 H, Ph), 7.13 (f = 7.8 Hz, 1 H,
ampy), 7.06-6.83 (m, 3 H, Ph), 6.56 (dl = 7.8 Hz, 1 H, ampy),
6.42 (d,J = 6.4 Hz, 2 H, Ph), 5.57 (dJ = 7.8 Hz, 1 H, ampy),
3.10 (d,J = 13.1 Hz, 1 H, CH), 2.77 (dJ = 13.1 Hz, 1 H, CH),
2.58 (s, 3 H, ampy).

Data for [Rug(us-k2-ampy)(us-n3-PhCCCCH,Ph)(u-CO)-
(CO)14] (3) Anal. Calcd for G7H1gN>0O15RUs (fW = 133695) C,
33.24; H, 1.36; N, 2.10. Found: C, 33.64; H, 1.41; N, 2.05. Positive
FAB-MS: m/z 1338 [M']. IR (CH.Cl,): »(CO) 2086 (m), 2067
(vs), 2035 (vs), 2020 (vs), 1998 (s), 1975 (m), 1950 (w), 1937 (w),
1848 (w, br) cntt. IH NMR (CD.Clp): 6 7.17 (t,J= 7.7 Hz, 1 H,
ampy), 7.02-6.73 (m, 6 H, Ph), 6.59 (dl = 7.7 Hz, 1 H, ampy),
6.47-6.31 (m, 3 H, Pht+ ampy), 6.22 (d, brJ = 6.7 Hz, 2 H, Ph),
3.72 (d,J = 13.5 Hz, 1 H, CH), 3.35 (dJ = 13.5 Hz, 1 H, CH),
2.54 (s, 3 H, ampy)®*C NMR (DEPT-135, CDG)): 6 140.1
(CHampy, 129.2, 128.6, 128.3, 127.0, 126.7, 125.8 (10-¢H.20.4
(CHampy), 113.2 (CHpmpy), 57.1 (CH), 30.0 (M&mpy.

Data for [Rue(us-k?-ampy)(us-n*-trans-PhCCCHCHPh)(u-
CO)(CO)14] (4) Anal. Calcd for G7H18N2015RUg (fW = 133695)

C, 33.24; H, 1.36; N, 2.10. Found: C, 33.38; H, 1.40; N, 2.04.
Positive FAB-MS: m/z 1338 [M*]. IR (CH.Cl,): »(CO) 2082 (m),
2058 (vs), 2043 (s), 2017 (s), 1995 (s, br), 1977 (m, sh), 1969 (w,
sh), 1946 (w, br), 1931 (w, sh) crh IH NMR (CDCl): 6 7.35—
7.05 (m, 4 H, Pht+ ampy), 7.06-6.70 (m, 6 H, Ph), 6.62 (d] =
7.9 Hz, 1 H, ampy), 6.18 (d, bg = 6.9 Hz, 1 H, Ph), 5.84 (d

= 13.8 Hz, 1 H, CH), 5.72 (d) = 7.9 Hz, 1 H, ampy), 3.41 (d

= 13.8 Hz, 1 H, CH), 2.69 (s, 3 H, ampy}C NMR (DEPT-135,
CDCly): 6 139.4 (CHmpy, 132.1, 129.5, 128.6, 128.3, 126.6, 123.6
(10 CHary), 120.8 (CHmpy), 113.7 (CHmpy, 96.7 (CH), 79.5 (CH),
29.3 (M&mpy.

Data for [Rus(us-k2-ampy)(us-n3-trans-PhCCCHCHPh)(n®-
PhMe)([l'CO)(CO)g] (5) Anal. Calcd for GgHoeN-O1oRUs (fW =
1187.97): C, 39.43; H, 2.21; N, 2.51. Found: C, 39.57; H, 2.41;
N, 2.39. Positive FAB-MS:m/z 1189 [M']. IR (CH.Cl,): »(CO)
2059 (s), 2016 (vs), 2001 (s), 1993 (s, br), 1980 (m, sh), 1968 (m),
1954 (m), 1945 (m, sh), 1918 (w, br), 1824 (w, br)ém'H NMR
(CDCly): 6 7.23-6.95 (m, 7 H, Pht ampy), 6.83-6.67 (m, 4 H,
Ph), 6.51 (dJ = 7.6 Hz, 1 H, ampy), 6.08 (d] = 15.4 Hz, 1 H,
CH), 5.78 (dJ = 7.6 Hz, 1 H, ampy), 5.575.41 (m, 3 H, PhMe),
5.36 (d,J = 5.8 Hz, 1 H, PhMe), 5.26 (d] = 15.4 Hz, 1 H, CH),
5.02 (d,J = 5.8 Hz, 1 H, PhMe), 2.60 (s, 3 H, ampy), 2.07 (s, 3
H, PhMe).

X-ray Structures of 2:0.5(CH,Cl,), 3, and 5 A selection of
crystal, measurement, and refinement data is given in Table 2.
Diffraction data were measured at room temperature on a Bruker
AXS SMART 1000 diffractometer, using graphite-monochromated
Mo Ko radiation. Raw frame data were integrated with SAMNT.
Absorption corrections were applied with SADABSStructures
were solved by direct methods and refined by full matrix least-
squares agains® with SHELXTL.28 All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were set in calculated
positions and refined as riding atoms. The molecular plots were
made with the PLATON program packagfeWINGX program
systeni® was used throughout the structure determinations. CCDC
deposition numbers: 286872-0.5(CHCl,)), 286873 8), and
286875 b).

(26) SAINT+: SAX Area Detector Integration Program, Version 6.02
Bruker AXS, Inc.: Madison, WI, 1999.

(27) Sheldrick, G. M.SADABS, Empirical Absorption Correction
Program University of Gdtingen: Gitingen, Germany, 1997.

(28) Sheldrick, G. M.SHELXTL, An Integrated System for 8oy,
Refining, and Displaying Crystal Structures from Diffraction Da¥&rsion
5.1; Bruker AXS, Inc.: Madison, WI, 1998.

(29) Spek, A. L.PLATON: A Multipurpose Crystallographic Tqol
University of Utrecht: Utrecht, The Netherlands, 2003.

(30) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.
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X-ray Structure of 4-CH,Cl,. A selection of crystal, measure- and refined as riding atoms. The molecular plots were made with
ment, and refinement data is given in Table 2. Diffraction data were the PLATON program packag@.The WINGX program systeff
collected on a Nonius Kappa-CCD diffractometer, using graphite- was used throughout the structure determination. CCDC deposition
monochromated Cu & radiation. Raw frame data were integrated number: 286874.
with DENZO and SCALEPACK! Empirical absorption corrections
were applied using XABS2 The structures were solved by
Patterson interpretation using the program DIRDIFE9Botropic
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