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The reactions of the 1,1-dimethylhydrazine-derived cluster [Ru3(µ-H)(µ3-η2-HNNMe2)(CO)9]
with conjugated diynes, RC4R (R ) Me, Ph), afford the ynenyl derivatives [Ru3(µ3-η2-
HNNMe2)(µ-η2-RCCCCHR)(µ-CO)2(CO)6] (R ) Me) and [Ru3(µ3-η2-HNNMe2)(µ3-η3-RCCCCHR)-
(µ-CO)(CO)7] (R ) Me, Ph), featuring η2-edge-bridging and η3-face-capping coordination modes
for their ynenyl ligands. DFT calculations have revealed that the face-capped products are
slightly more stable than the edge-bridged ones. The regioselectivity of the reactions is
affected by the nature of the R groups of the diynes.

Introduction

The studies reported over the last two decades on
reactions of metal complexes with diynes have shown,
as expected, that there is a rich organometallic chem-
istry resulting from the presence of two alkyne frag-
ments in the organic reagents.1 Cluster chemists have
actively participated in this research activity.1-9

Reactivity studies involving conjugated diynes and
amidopyridine-bridged hydrido-triruthenium carbonyl
complexes of the type [Ru3(µ-H)(µ3-η2-apy)(CO)9]10,11

(apy ) 2-amidopyridine-type ligand) have shown that

trinuclear products containing edge-bridging η3-ynenyl
ligands, namely, [Ru3(µ3-η2-apy)(µ-η3-ynenyl)(µ-CO)2-
(CO)6] (one of these compounds is shown at the left in
Scheme 1), are selectively formed in these reactions.12-14

These trinuclear ynenyl derivatives are prone to un-
dergo insertion reactions with unsaturated organic
molecules leading to products that contain large unsat-
urated ligands.12,13,15,16 The rearrangement of an ynenyl
ligand from an η3-edge-bridging to an η3-face-capping
position on a triruthenium cluster has been observed
on one occasion (Scheme 1).14 For comparison purposes,
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it is worth mentioning here that the reactions of alkynes
with complexes of the type [Ru3(µ-H)(µ3-η2-apy)(CO)9]
afford the edge-bridged alkenyl derivatives [Ru3(µ3-η2-
apy)(µ-η2-alkenyl)(µ-CO)2(CO)6] with total regioselec-
tivity.11,17

Interestingly, the reactivity of the 1,1-dimethylhy-
drazine-derived cluster [Ru3(µ-H)(µ3-η2-Me2NNH)(CO)9]18

(1) with alkynes differs considerably from that of [Ru3-
(µ-H)(µ3-η2-apy)(CO)9] with the same reagents,11,17 de-
spite the similarity of these clusters as far as structure
and composition are concerned. In fact, in addition to
edge-bridged alkenyl derivatives, the reactions of 1 with
alkynes also give unusual face-capped alkenyl products
(Scheme 2).19,20

This different behavior observed for [Ru3(µ-H)(µ3-η2-
apy)(CO)9] and the 1,1-dimethylhydrazido-bridged clus-
ter 1 in their reactions with alkynes, in addition to the
above-commented remarkable results originated from
the reactions of [Ru3(µ-H)(µ3-η2-apy)(CO)9] with conju-
gated diynes, prompted us to study the reactivity of 1
with conjugated diynes. We now report the results of
these studies, which have led us to observe two unusual
coordination types for edge-bridging and face-capping
ynenyl ligands in triruthenium clusters.

Results and Discussion

Two trinuclear complexes, subsequently characterized
as the edge-bridged and the face-capped ynenyl deriva-

tives [Ru3(µ3-η2-HNNMe2)(µ-η2-MeCCCCHMe)(µ-CO)2-
(CO)6](2a)and[Ru3(µ3-η2-HNNMe2)(µ3-η3-MeCCCCHMe)-
(µ-CO)(CO)7] (3a), respectively, were the products of
reactions of compound 1 with 1 equiv of hexa-2,4-diyne
(Scheme 3). Compound 2a was the major product (65%
isolated yield) of a 25 min reaction in refluxing THF.
Longer reaction times and/or higher temperatures
reduced the yield of 2a, increasing that of 3a; for
example, a 77% yield of 3a was obtained from a 45 min
reaction in refluxing 1,2-dichloroethane. Therefore, 2a
is an intermediate in the synthesis of 3a.

The face-capped alkenyl derivative [Ru3(µ3-η2-HNN-
Me2)(µ3-η3-PhCCCCHPh)(µ-CO)(CO)7] (3b) was the only
product that could be isolated from reactions of com-
pound 1 with 1 equiv of diphenylbutadiyne (Scheme 3).
In refluxing dichloromethane and from the beginning
of the reaction, complex 3b was the major reaction
product, being accompanied by the starting material 1
and by trace amounts of two additional complexes
(observed by TLC and 1H NMR spectroscopy) that could
not be separated and characterized. At higher temper-
atures, complex 3b was the only observed reaction
product.

Complex 2a was characterized by X-ray diffraction
(Figure 1). Its most relevant structural feature is the
way the ynenyl ligand coordinates to the trimetal core:
edge-bridging through only the two C atoms of the
alkenyl fragment. In all previous examples of trinuclear
clusters containing conjugated ynenyl ligands in edge-
bridging positions, these ligands interact with the metal
atoms of the bridged edge through three C atoms (one
of these compounds is shown at the left of Scheme
1).12-14 Therefore, in trinuclear clusters, the edge-
bridging coordination type found for the ynenyl ligand
of 2a, although common for alkenyl ligands,11,17,19-22 is
unprecedented for conjugated ynenyl ligands.

The structure of 3b was also determined by X-ray
diffraction (Figure 2). This time the ynenyl ligand caps
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an open (two metal-metal bonds) triangle of ruthenium
atoms in such a way that its alkyne moiety interacts
with the three metal atoms in a “perpendicular” fash-
ion,23 while the alkenyl moiety is σ-bound to one of the
Ru atoms of the open edge. This latter interaction is
responsible for the nonplanarity of the but-1-yn-3-en-

3-yl fragment, the C(3)-C(4)-C(5)-C(6) dihedral angle
being 127.6(9)°. Alternatively, this ligand can also be
considered as having a buta-1,2,3-trien-1-yl fragment
in which the C(3) atom is σ-bound to Ru(2), the C(3)d
C(4) double bond is shared by Ru(1) and Ru(3), the
C(4)dC(5) double bond is attached to Ru(3), and the
C(5)dC(6) double bond is uncoordinated. In fact, the
C(4)-C(5) and C(5)-C(6) distances are roughly similar.
Therefore, the hydrocarbyl ligand of 3b would be more
appropriately described as a resonance hybrid of the
1-yn-3-en-3-yl and 1,2,3-trien-1-yl canonical forms. Prior
to this work, only three examples of triruthenium
clusters containing face-capping ynenyl ligands were
known; they are [Ru3(µ3-η2-apyr)(µ3-η3-PhOCH2CCCCH-
CH2OPh)(CO)8] (Hapyr ) 2-aminopyrimidine, depicted
in Scheme 1),14 [Ru3(µ-NS(O)MePh)(µ3-η3-PhCCCCH-
Ph)(CO)9],21 and [Ru3(µ3-NS(O)MePh)(µ3-η3-PhCCCCH-
Ph)(CO)8].21 While the butynenyl fragments of the first
two complexes are planar and symmetrically cap the
metallic plane, the butynenyl fragment of the latter
complex is similar to that of compound 3b. Curiously,
the ynenyl ligands of the two sulfoximido clusters do
not arise from a diyne but from a cluster-mediated
coupling of two individual alkyne fragments.21 A few
triosmium carbonyl clusters containing butynenyl ligands
that asymmetrically cap a face of the metal triangle
have been recently reported. In these cases, the butyne-
nyl ligands are derived from bis(ferrocenyl)butadiyne.3b

Scheme 3 shows that the alkenyl moieties of com-
pound 2a, 3a, and 3b have a hydrogen atom and an R
group on the same carbon atom. In other words, all
compounds arise from the Markovnikov-type insertion
of an alkyne moiety into a Ru-H bond. This fact has
been confirmed by X-ray diffraction for 2a and 3b and
is clearly evidenced by the 1H NMR spectra of 2a and
3a, which show the resonances of a methyl group and
the alkenyl proton coupled to each other (3J ) 5.9 and
6.4 Hz, respectively).

The similarity of the CO stretching regions of the IR
spectra of compounds 3a and 3b indicates that both
have similar structures. The absorptions of their bridg-
ing CO ligands are clearly observed as broad bands at
1788 cm-1 (3a) and 1786 cm-1 (3b).

Density functional theoretical calculations were car-
ried out with the aim to compare the thermodynamic
stabilities of the pairs of compounds 2a, 3a and 2b, 3b.
These calculations also allowed us to confirm the
structures of the compounds for which no X-ray diffrac-
tion data were available (2b and 3a). No simplified
model compounds were used for the calculations.

For the cases in which both theoretical (DFT calcula-
tions) and experimental (X-ray diffraction) data were
available (2a and 3b), the bond lengths and angles given
by both methods are practically identical (this fact
validates the calculations), the greatest divergences
corresponding to the Ru-Ru bond distances, which are
slightly longer (0.06-0.15 Å) in the calculated structures
than in the experimental ones, but these divergences
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Figure 1. Molecular structure of 2a. Thermal ellipsoids
are drawn at the 20% probability level. Selected bond
distances (Å) and angles (deg): C(3)-C(4) 1.41(2), C(3)-
C(6) 1.43(2), C(3)-Ru(1) 2.10(1), C(3)-Ru(2) 2.23(1), C(4)-
C(5) 1.56(2), C(4)-Ru(2) 2.29(1), C(6)-C(7) 1.17(2), C(7)-
C(8) 1.47(2), Ru(1)-Ru(2) 2.702(1), Ru(1)-Ru(3) 2.745(1),
Ru(2)-Ru(3) 2.777(1); C(4)-C(3)-C(6) 120.0(10), C(4)-
C(3)-Ru(1) 121.0(8), C(6)-C(3)-Ru(1) 118.9(9), C(4)-
C(3)-Ru(2) 74.2(7), C(6)-C(3)-Ru(2) 119.8(7), Ru(1)-
C(3)-Ru(2) 77.2(3), C(3)-C(4)-C(5) 122.6(13), C(3)-C(4)-
Ru(2) 69.4(6), C(5)-C(4)-Ru(2) 120.2(8), C(7)-C(6)-C(3)
175.7(15), C(6)-C(7)-C(8) 177.4(16).

Figure 2. Molecular structure of 3b. Thermal ellipsoids
are drawn at the 30% probability level. Selected inter-
atomic distances (Å) and angles (deg): C(3)-C(4) 1.426(6),
C(3)-Ru(1) 2.224(4), C(3)-Ru(2) 2.261(4), C(3)-Ru(3)
2.367(4), C(4)-C(5) 1.337(7), C(4)-Ru(1) 2.111(4), C(4)-
Ru(3) 2.247(4), C(5)-C(6) 1.344(7), C(5)-Ru(3) 2.263(4),
Ru(1)-Ru(2) 2.8657(5), Ru(1)-Ru(3) 3.6255(5), Ru(2)-Ru-
(3) 2.8163(5); C(3)-C(4)-Ru(1) 75.2(2), C(3)-C(4)-C(5)
134.4(4), C(3)-C(4)-Ru(3) 76.7(2), C(4)-C(3)-C(101)
121.6(4), C(4)-C(3)-Ru(1) 66.6(2), C(4)-C(3)-Ru(2)
119.3(2), C(4)-C(3)-Ru(3) 67.4(2), C(4)-C(5)-C(6) 153.0(4),
C(4)-C(5)-Ru(3) 72.1(3), C(5)-C(4)-Ru(1) 148.7(4), C(5)-
C(4)-Ru(3) 73.4(3), C(5)-C(6)-C(201) 125.1(4), Ru(1)-
C(3)-Ru(3) 104.2(2), Ru(1)-C(4)-Ru(3) 112.5(2), C(6)-
C(5)-Ru(3) 135.0(3).
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are expected for calculations at the GGA level.24 The
optimized structures of compounds 2b and 3a are very
similar to those of 2a and 3b, respectively, except for
the R groups of their ynenyl ligands (views of the four
optimized structures and their corresponding atomic
coordinates are given as Supporting Information).

Scheme 3 gives the relative thermodynamic stabilities
of the two pairs of compounds, assigning 0.00 kcal/mol
to the most stable compound of each pair. The values
show that the face-capped compounds 3a and 3b are
slightly more stable than the edge-bridged derivatives
2a and 2b. This may account for the fact that 2a is
transformed into 3a upon heating, but it does not
explain directly the lack of observation of the edge-
bridged derivative 2b in the reaction of 1 with diphen-
ylbutadiyne.

A previously reported kinetic analysis of the reaction
of complex 1 with diphenylacetylene established that
the reaction is first order in both cluster concentration
and alkyne concentration and that the formation of the
first intermediate, a hydrido-alkyne species, is the rate-
limiting step.19 Assuming that a related hydrido-diyne
intermediate is formed in the reaction of 1 with diynes,
in the case of the reaction with hexa-2,4-diyne, the
observation of the edge-bridged product 2a in higher
amount than 3a at short reaction times implies that the
formation of 2a from the corresponding hydrido-diyne
intermediate has lower activation energy than the
formation of the face-capped product 3a. Although it is
clear that under the reaction conditions (THF at reflux)
most of 3a arises from 2a (as commented above, such a
transformation has been individually checked), it cannot
be ruled out that a small amount of 3a may also be
formed without the intermediacy of 2a (directly from
the initial hydrido-diyne intermediate by a pathway
different from that leading to 2a). The fact that 2b was
not detected at any stage of the reaction of 1 with
diphenylbutadiyne suggests that 2b is not an interme-
diate in the formation of the face-capped derivative 3b
and, therefore, 3b should be formed from the hydrido-
diyne intermediate by a pathway with a much lower
activation energy than that which would lead to the
edge-bridged product 2b. Therefore, the regioselectivity
of the reactions reported herein also depends on kinetic
aspects associated with the nature of the R groups of
the used diynes.

Concluding Remarks

The reactions of the 1,1-dimethylhydrazine-derived
cluster [Ru3(µ-H)(µ3-η2-HNNMe2)(CO)9] with conjugated
diynes, RC4R (R ) Me, Ph), afford the ynenyl derivatives
[Ru3(µ3-η2-HNNMe2)(µ-η2-RCCCCHR)(µ-CO)2(CO)6] (R
) Me, 2a) and [Ru3(µ3-η2-HNNMe2)(µ3-η3-RCCCCHR)-
(µ-CO)(CO)7] (R ) Me, 3a; Ph, 3b), featuring η2-edge-
bridging and η3-face-capping coordination modes for
their ynenyl ligands. While the η2-edge-bridging coor-
dination mode is unprecedented for conjugated ynenyl
ligands in cluster chemistry, only one previous example
of a cluster complex containing an η3-face-capping
ynenyl ligand coordinated in a manner similar to that
found in 3b is known. DFT calculations have revealed

that the face-capped products are slightly more stable
than the edge-bridged ones. These calculations, coupled
to the experimental results obtained at different reac-
tion times, allow us to conclude that the different R
groups of the diynes affect considerably the regioselec-
tivity of the reactions because, in addition to having a
small effect on some thermodynamic parameters, they
strongly influence the kinetics of key steps of the
reaction pathway.

Experimental Section

General Data. Solvents were dried over sodium diphenyl
ketyl (hydrocarbons, THF) or CaH2 (dichloromethane) and
distilled under nitrogen prior to use. The reactions were
carried out under nitrogen, using Schlenk-vacuum line
techniques, and were routinely monitored by solution IR
spectroscopy (carbonyl stretching region) and spot TLC. Com-
pound 1 was prepared as previously reported.18 IR spectra
were recorded in solution on a Perkin-Elmer Paragon 1000
FT spectrophotometer. 1H NMR spectra were run on a Bruker
DPX-300 instrument, at room temperature, using the dichlo-
romethane solvent resonance as internal standard (δ ) 5.30).
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.

[Ru3(µ3-η2-HNNMe2)(µ-η2-MeCCCCHMe)(µ-CO)2(CO)6]
(2a). A solution of compound 1 (50 mg, 0.081 mmol) and hexa-
2,4-diyne (7 mg, 0.089 mmol) in THF (20 mL) was stirred at
reflux temperature for 25 min. The color changed from yellow
to red-orange. The solvent was removed under reduced pres-
sure, and the residue was separated by TLC (silica gel), using
hexane-dichloromethane (2:1) as eluant. The first band
contained a small amount of compound 3a. Extraction of the
major band (second) with dichloromethane allowed the isola-
tion of compound 2a as an orange solid after solvent removal
(35 mg, 65%). Anal. Calcd for C16H14N2O8Ru3 (665.50): C,
28.88; H, 4.21; N, 2.12. Found: C, 29.10; H, 4.32; N, 2.06. FAB-
MS (m/z): 667 [M+]. IR (CH2Cl2): νCO 2066 (w), 2034 (s), 2009
(s), 1979 (m), 1944 (m), 1919 (w, sh) 1798 (w, br) cm-1. 1H NMR
(CDCl3): δ 3.17 (s, br, 1 H; NH), 2.90 (q, J ) 5.9 Hz, 1 H; CH),
2.74 (s, 3 H; Me), 2.58 (s, 3 H; Me), 2.17 (s, 3 H; Me), 1.94 (d,
J ) 5.9 Hz, 3 H; Me).

[Ru3(µ3-η2-HNNMe2)(µ3-η3-MeCCCCHMe)(µ-CO)(CO)7]
(3a). A solution of compound 1 (50 mg, 0.081 mmol) and hexa-
2,4-diyne (7 mg, 0.089 mmol) in 1,2-dichloroethane (30 mL)
was stirred at reflux temperature for 45 min. The color
changed from yellow to orange. The solvent was removed
under reduced pressure, and the residue was separated by TLC
(silica gel), using hexane-dichloromethane (2:1) as eluant. The
second band contained a small amount of complex 2a. Extrac-
tion of the major band (first) allowed the isolation of compound
3a as a yellow solid after solvent removal (42 mg, 77%). Anal.
Calcd for C16H14N2O8Ru3 (665.50): C, 28.88; H, 4.21; N, 2.12.
Found: C, 29.13; H, 4.33; N, 2.08. FAB-MS (m/z): 667 [M+].
IR (CH2Cl2): νCO 2076 (m), 2033 (s), 2007 (s), 1965 (m), 1941
(w), 1788 (w, br) cm-1. 1H NMR (CDCl3): δ 6.55 (q, J ) 6.4
Hz, 1 H; CH), 3.20 (s, br, 1 H; NH), 2.85 (s, 3 H; Me), 2.24 (s,
3 H; Me), 2.14 (s, 3 H; Me), 2.12 (d, J ) 6.4 Hz, 3 H; Me).

[Ru3(µ3-η2-HNNMe2)(µ3-η3-PhCCCCHPh)(µ-CO)(CO)7]
(3b). A solution of compound 1 (50 mg, 0.081 mmol) and
diphenylbutadiyne (18 mg, 0.089 mmol) in 1,2-dichloroethane
(30 mL) was stirred at reflux temperature for 30 min. The color
changed from yellow to orange. The solution was concentrated
under reduced pressure to ca. 1 mL. Addition of hexane (10
mL) led to the precipitation of complex 3b as an orange solid
(51 mg, 80%). Anal. Calcd for C26H18N2O8Ru3 (789.64): C,
39.55; H, 2.30; N, 3.55. Found: C, 39.85; H, 2.49; N, 3.35. FAB-
MS (m/z): 791 [M+]. IR (CH2Cl2): νCO 2079 (m), 2040 (s), 2013

(24) Cramer, C. J. In Essentials of Computational Chemistry.
Theories and Models; Cramer, C. J., Ed.; John Wiley & Sons: New
York, 2002; p 268.
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(s), 1974 (m), 1950 (w), 1786 (w, br) cm-1. 1H NMR (CDCl3):
δ 7.21 (m, 10 H; 2 Ph), 6.94 (s, 1 H; CH), 3.29 (s, 1 H; NH),
2.98 (s, 3 H; Me), 2.31 (s, 3 H; Me).

Theoretical Calculations. All the minimum-energy struc-
tures reported herein were optimized with density functional
theory (DFT), within the Gaussian98 program,25 using the
Becke’s three-parameter hybrid exchange-correlation func-
tional26 containing the B3LYP nonlocal gradient correction.27

The LANL2DZ basis set, with relativistic effective core poten-
tials, was used for the Ru atoms.28 The basis set used for the
remaining atoms was the 6-31G, with addition of (d,p)-
polarization for all atoms. All optimized structures were
confirmed as minima by calculation of analytical frequencies.
For each calculation, the input model molecule was based on
one of the X-ray-determined structures reported in this article,
conveniently modified (if necessary) by changing the appropri-
ate R groups.

X-ray Structures of 2a and 3b‚0.5C6H14. Diffraction data
were collected on a Nonius Kappa-CCD diffractometer, using
graphite-monochromated Cu KR radiation. Raw frame data
were integrated with DENZO-SCALEPACK.29 Empirical ab-
sorption corrections were applied using SORTAV.30 The struc-
tures were solved by Patterson interpretation using the
program DIRDIF-96.31 Isotropic and full matrix anisotropic
least-squares refinements against F2 were carried out using

SHELXL-97.32 All non-H atoms were refined anisotropically.
H atom positions were geometrically calculated and refined
riding on their parent atoms. The molecular plots were made
with the PLATON program package.33 The WINGX program
system34 was used throughout the structure determinations.
Selected crystal and refinement data are given as footnotes.35,36
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15, -20 e l e 20, rflns collected 44 222, unique 3956 [Rint ) 0.055],
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(36) Data for 3b‚0.5C6H14: C26H18N2O8Ru3‚0.5C6H14 (832.72), T )
120(2) K, λ ) 1.54180 Å, triclinic, P1h, a ) 9.5945(3) Å, b ) 12.3050(3)
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size 0.275 × 0.225 × 0.125 mm3, -11 e h e 11, -14 e k e 14, 0 e l
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