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Summary: The synthesis of the first trinuclear carbonyl
clusters containing ligands derived from di(2-pyridyl)-
amine (Hdpa) has been achieved. Treatment of [Ru3-
(CO)12] or [Ru3(CO)10(MeCN)2] with di(2-pyridyl)amine
(Hdpa) gives the cluster complex [Ru3(µ-Η)(µ-η3-dpa-
C,N,N)(CO)9] (1). The dpa ligand in this compound
chelates a Ru atom through both pyridinic nitrogens
while attached to another Ru atom through the C atom
of a metalated pyridine ring, keeping the amino NH
fragment uncoordinated. Curiously, the osmium com-
pounds [Os3(µ-Η)(µ-η2-dpa-N,N)(CO)10] (2) and [Os3(µ-
Η)(µ3-η2-dpa-N,N)(CO)9] (3), which have been stepwise
prepared from [Os3(CO)10(MeCN)2] and Hdpa, contain
edge-bridging (2) and face-capping (3) N-deprotonated
dpa ligands coordinated through the N atom of a
pyridine ring and the N atom of the original amino
fragment.

Introduction

The N-deprotonated form of di(2-pyridyl)amine (dpa)
has been widely used as a building block for the
synthesis of metal-metal bonded binuclear and linear
trinuclear complexes of the types [M2(µ-η2-dpa-N,N)4L2]1

and [M3(µ3-η3-dpa-N,N,N)4X2].2 In these compounds
each dpa ligand bridges two or three metal atoms,
respectively. A chelating behavior of this ligand has also
been observed in quite a few binuclear3 and mono-
nuclear4 complexes. Many examples of mononuclear

complexes containing the neutral Hdpa ligand in a
chelating form are also known.5 However, no carbonyl-
metal clusters containing either deprotonated or neutral
di(2-pyridyl)amine have hitherto been reported.

We have previously carried out a thorough study of
the synthesis and reactivity of carbonylmetal clusters
derived from 2-aminopyridines.6,7 As a natural extension
of these studies, we now report the reactions of Hdpa
with triruthenium and triosmium carbonyl clusters.
Interestingly, the products, which represent the first
triangular metal clusters having dpa ligands, contain
this ligand in different coordination modes depending
on the metal used.

Results

The thermal reaction (refluxing THF) of [Ru3(CO)12]
with Hdpa led to the C-metalated complex [Ru3(µ-Η)-
(µ-η3-dpa-C,N,N)(CO)9] (1, Scheme 1) as the major
product of a mixture of compounds that was separated* Corresponding author. E-mail: jac@sauron.quimica.uniovi.es.
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by chromatographic methods. This complex was also
obtained using [Ru3(CO)10(MeCN)2] as starting material.

The composition and trinuclear nature of 1 was
indicated by its microanalysis and mass spectra. The
presence of an NH group was indicated by its 1H NMR
spectrum, which contains a broad singlet at 7.50 ppm.
This spectrum also displays a complex aromatic hydro-
gen region and a hydride signal at -21.07 ppm. A DEPT
13C NMR spectrum showed seven CH resonances,
indicating that the source of the hydride ligand was a
pyridine ring metalation. All these data were not
sufficient to precisely assign the position of the meta-
lated dpa ligand on the cluster.

The structure of cluster 1 was unambiguously deter-
mined by X-ray diffraction methods. Figure 1 shows a
molecular view of complex 1. Its caption contains a
selection of structural parameters. Both pyridinic N
atoms of the ligand are attached to the same Ru atom,
while the metalated C atom is attached to a different
Ru atom. The metalated pyridine ring occupies two axial
coordination sites of the cluster, while the N atom of
the remaining pyridyl fragment occupies an equatorial
site trans to the hydride ligand, which spans the same
Ru-Ru edge as the metalated pyridine ring.

The osmium cluster [Os3(CO)10(MeCN)2] reacted with
Hdpa at room temperature to give [Os3(µ-Η)(µ-η2-dpa-
N,N)(CO)10] (2, Scheme 2). Under thermal (refluxing
1,2-dichloroethane) or photochemical (UV, mercury
lamp) conditions, complex 2 underwent a quantitative
decarbonylation reaction to give [Os3(µ-Η)(µ3-η2-dpa-
N,N)(CO)9] (3, Scheme 2). Both osmium complexes show
the corresponding molecular ions in their mass spectra
and the presence of a hydride ligand in their 1H NMR
spectra. No C-metalation was suggested by their DEPT
13C NMR spectra, which show eight CH resonances.
While no symmetry is reflected by the 13C NMR spec-
trum of 2 (10 CO resonances), the presence of a mirror
plane and the casual overlapping of some CO resonances
account for the observation of only three CO signals in
the 13C NMR spectrum of compound 3.

The analytical and IR and NMR spectroscopic data
of compound 3 clearly indicate a face-capping position
of the dpa ligand in the cluster, as shown in Scheme 2.

However, an X-ray diffraction study was required to
assign the positions of the ligands in compound 2, due
to its lack of symmetry. Figure 2 shows a molecular view
of this cluster. Its caption contains a selection of
structural parameters. The dpa ligand bridges two Ru
atoms through two N atoms (a pendant pyridine ring
remains uncoordinated), occupying two axial coordina-
tion sites. Both the hydride and the dpa ligands span
the same Ru-Ru edge of the cluster.

Looking for possible isomerization products, the ru-
thenium compound 1 and the osmium compound 3 were
thermolyzed in refluxing toluene under nitrogen for 30
min. While extensive decomposition was produced in the
case of the ruthenium complex, no changes were ob-
served in the osmium complex.

Discussion

The metalation of pyridine rings has been reported
on a few occasions.8 However, it is noteworthy that the
coordination mode of the metalated dpa ligand in
complex 1 is very rare. In fact, it has been observed
previously only in one instance in a binuclear rhodium
complex.9 It is also intriguing that, although Hdpa can
be considered a member of the 2-aminopyridine family,

Figure 1. Molecular structure of compound 1. Thermal
ellipsoids are drawn at 50% probability level. Selected
interatomic distances (Å): Ru(1)-Ru(2) 2.8742(8), Ru(2)-
Ru(3) 2.8743(8), Ru(1)-Ru(3) 2.8869(9), Ru(1)-N(1) 2.085-
(3), Ru(1)-N(3) 2.136(3), Ru(2)-C(1) 2.098(3).

Figure 2. Molecular structure of compound 2 (only one
of the two crystallographically independent molecules is
shown). Thermal ellipsoids are drawn at 50% probability
level. Selected interatomic distances (Å): Os(1A)-Os(2A)
2.887(3), Os(2A)-Os(3A) 2.889(3), Os(1A)-Os(3A) 2.896-
(3), Os(1A)-N(1A) 2.15(1), Os(2A)-N(2A) 2.13(1).

Scheme 2
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its reaction with [Ru3(CO)12] follows a completely dif-
ferent pathway from those of “normal” 2-aminopyridines
(Hapy) that always give trinuclear products of the type
[Ru3(µ-Η)(µ3-η2-apy-N,N)(CO)9], containing face-capping
N-deprotonated ligands.10

To explain the behavior of Hdpa in its reaction with
[Ru3(CO)12], it could be claimed that Hdpa can act as a
chelate (a possibility that is unexpected for “normal”
2-aminopyridines). However, this reasoning is not con-
vincing enough because Hdpa behaves in the osmium
reactions as other 2-aminopyridines, for which clusters
similar to 2 and 3 (but without the pendant pyridyl
fragment) are already known.11 It can also be tentatively
proposed that a binuclear reaction site may be more
accessible in isolated [Os3(CO)10(MeCN)2] than in the
case of [Ru3(CO)12] and [Ru3(CO)10(MeCN)2] in the
presence of some acetonitrile, for which a single metal
atom site may be more probable. In the latter, the initial
pyridine N-η1 coordination followed by N-η1 to NdC-η2

rearrangement, C-H activation, and N-coordination
would give complex 1.12 The N-η1 to NdC-η2 rearrange-
ment has been previously proposed to explain the
reactivity of quinolines with ruthenium and osmium
carbonyls.13

Therefore, although tentative proposals can be pro-
vided, the explanation for the different chemical behav-
ior of Hdpa with analogous ruthenium and osmium
clusters remains unknown. In a few instances, differ-
ences in the reactions of these clusters with some
heterocyclic ligands have also been observed.14

Although the bridging coordination mode of the dpa
ligand found in 2 is well known for binuclear com-
plexes,1 the face-capping behavior found for this ligand
in 3 is unprecedented.

Concluding Remarks

The synthesis of the first trinuclear carbonyl clusters
containing ligands derived from di(2-pyridyl)amine
(Hdpa) has been achieved. Treatment of [Ru3(CO)12] or
[Ru3(CO)10(MeCN)2] with di(2-pyridyl)amine (Hdpa)
leads to the cluster complex [Ru3(µ-Η)(µ-η3-dpa-C,N,N)-
(CO)9] (1). The dpa ligand in this compound chelates a
Ru atom through both pyridinic nitrogens while is

attached to another Ru atom through the C atom of a
metalated pyridine ring, maintaining the amino NH
fragment in an uncoordinated state. Curiously, the
osmium compounds [Os3(µ-Η)(µ-η2-dpa-N,N)(CO)10] (2)
and [Os3(µ-Η)(µ3-η2-dpa-N,N)(CO)9] (3), which have been
stepwise prepared from [Os3(CO)10(MeCN)2] and Hdpa,
contain edge-bridging (2) and face-capping (3) N-depro-
tonated dpa ligands coordinated through the N atom of
a pyridine ring and the N atom of the original amino
fragment. The difference between the ruthenium and
osmium derivatives of Hdpa still needs to be explained.

Experimental Section

General Data. Solvents were dried over sodium diphenyl
ketyl (THF, hydrocarbons) or CaH2 (dichloromethane, 1,2-
dichloroethane) 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 and by spot TLC. All reagents were
purchased from commercial suppliers, except for anhydrous
Me3NO, which was obtained by azeotropic distillation of
Me3NO‚2H2O in toluene, and [Os3(CO)10(MeCN)2], which was
prepared as described elsewhere.15 IR spectra were recorded
in solution on a Perkin-Elmer Paragon 1000 FT spectropho-
tometer. NMR spectra were run at room temperature on a
Bruker DPX-300 instrument, using internal SiMe4 as standard
(δ ) 0 ppm). Microanalyses were obtained from the University
of Oviedo Analytical Service. FABMS were obtained from the
University of Santiago de Compostela Mass Spectrometric
Service; data given refer to the most abundant molecular ion
isotopomer.

[Ru3(µ-Η)(µ-η3-dpa-C,N,N)(CO)9] (1). Method a. Hdpa
(60 mg, 0.351 mmol) was added to a solution of [Ru3(CO)12]
(200 mg, 0.313 mmol) in THF (30 mL). The solution was heated
at reflux temperature until the complete disappearance of the
starting complex (ca. 50 min). The solvent was removed under
reduced pressure, and the resulting residue was dissolved in
dichloromethane (1 mL). This solution was separated by
column chromatography on silica gel (2 × 10 cm). Hexane-
dichloromethane (1:2) eluted three bands. The first two bands,
both very pale yellow, were discarded. The third band, orange,
afforded compound 1 upon solvent removal (78 mg, 34%).

Method b. Hdpa (30 mg, 0.175 mmol) was added to a cold
(-78 °C) solution of [Ru3(CO)10(MeCN)2] in dichloromethane-
acetonitrile (10:1), prepared in situ from [Ru3(CO)12] (100 mg,
0.156 mmol) and anhydrous Me3NO (29 mg, 0.387 mmol). The
resulting solution was warmed to room temperature, and the
solvent was removed in vacuo. THF (20 mL) was added, and
the resulting solution was stirred for 1 h. The solvent was
removed, and the residue was dissolved in dichloromethane
(1 mL) and was added to a silica gel chromatography column
(2 × 15 cm). Hexane eluted some [Ru3(CO)12]. Hexane-
dichloromethane (1:2) eluted an orange band that afforded
compound 1 upon solvent removal (25 mg, 22%). A dark
residue remained uneluted at the top of the column. Calcd for
C19H9N3O9Ru3 (M ) 726.54): C, 31.41; H, 1.25; N, 5.78.
Found: C, 31.62; H, 1.22; N, 5.58. MS (m/z): 728 [M+]. IR
(CH2Cl2): νCO 2075 (m), 2032 (s), 2008 (vs), 1966 (w) cm-1. 1H
NMR (CD2Cl2): δ 8.33 (d, br, J ) 6.1 Hz, 1 H), 7.65 (td, J )
7.3, 1.2 Hz, 1 H), 7.50 (s, br, 1 H, NH) 7.23-7.09 (m, 2 H),
6.92 (d, br, J ) 7.9 Hz, 1 H), 6.75 (ddd, J ) 7.3, 6.1, 1.2 Hz, 1
H), 6.46 (dd, J ) 7.9, 1.2 Hz, 1 H), -21.07 (s, 1 H, µ-H) ppm.
13C{1H} NMR, DEPT (acetone-d6): δ 208.0, 206.1, 205.6, 203.3,
198.6, 190.8, 189.8 (all COs), 174.4 (C), 156.7 (CH), 154.6 (C),
147.7 (C), 140.4 (CH), 136.2 (CH), 132.4 (CH), 118.1 (CH),
117.1 (CH), 108.0 (CH) ppm.
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[Os3(µ-Η)(µ-η2-dpa-N,N)(CO)10] (2). A THF solution (20
mL) of Hdpa (33 mg, 0.193 mmol) and [Os3(CO)10(MeCN)2] (154
mg, 0.165 mmol) was stirred at room temperature for 50 min.
The solvent was removed under reduced pressure, the residue
was dissolved in dichloromethane (1 mL), and the resulting
solution was separated by column chromatography on silica
gel (2 × 15 cm). Hexane eluted a small amount of an
unidentified yellow compound. Hexane-dichloromethane (1:
4) eluted a yellow band that afforded compound 2 upon solvent
removal (66 mg, 40%). Calcd for C20H9N3O10Os3 (M )
1021.91): C, 23.51; H, 0.89; N, 4.11. Found: C, 23.58; H, 1.02;
N, 4.08. MS (m/z): 1023 [M+]. IR (CH2Cl2): νCO 2106 (m), 2066
(s), 2055 (s), 2018 (vs), 1984 (w) cm-1. 1H NMR (CDCl3): δ
8.63 (dd, J ) 4.9, 2.0 Hz, 1 H), 8.13 (dd, J ) 6.4, 1.5 Hz, 1 H),
7.76 (td, J ) 7.4, 2.0 Hz, 1 H), 7.10 (ddd, J ) 7.4, 4.9, 1.0 Hz,
1 H), 6.78-6.64 (m, 2 H), 5.99 (td, J ) 6.4, 1.0 Hz, 1 H), 5.65
(dd, J ) 7.4, 1.0 Hz, 1 H), -11.47 (s, 1 H, µ-H). 13C{1H} NMR,
DEPT (CD2Cl2): δ 183.6 (CO), 178.0 (CO), 177.9 (2 CO), 176.1
(C), 175.9 (CO), 175.7 (2 CO), 174.0 (CO), 169.2 (2 CO), 167.2
(C), 155.5 (CH), 150.1 (CH), 139.5 (CH), 135.6 (CH), 121.2 (2
CH), 116.2 (CH), 110.5 (CH) ppm.

[Os3(µ-Η)(µ3-η2-dpa-N,N)(CO)9] (3). Method a. A solution
of complex 2 (30 mg, 0.030 mmol) in THF (25 mL) was
irradiated with UV light (Pyrex-filtered mercury lamp). After
5 min, IR monitoring indicated the complete conversion of the
starting material. The solvent was removed under reduced
pressure and the solid residue washed with hexane to afford
complex 3 as a yellow solid (25 mg, 84%).

Method b. A solution of complex 2 (30 mg, 0.030 mmol) in
1,2-dichloroethane (25 mL) was stirred at reflux temperature
for 75 min. The solvent was removed under reduced pressure
and the residue washed with hexane to afford complex 3 as a
yellow solid (25 mg, 84%). Calcd for C19H9N3O9Os3 (M )
993.90): C, 22.96; H, 0.91; N, 4.23. Found: C, 23.12; H, 1.01;
N, 4.21. MS (m/z): 995 [M+]. IR (CH2Cl2): νCO 2080 (m), 2052
(vs), 2022 (s), 1991 (s), 1952 (w) cm-1. 1H NMR (CDCl3): δ
8.71 (dd, J ) 5.9, 2.0 Hz, 1 H), 8.36 (dd, J ) 4.9, 2.0 Hz, 1 H),
7.66 (ddd, J ) 8.4, 7.4, 2.0 Hz, 1 H), 7.30 (ddd, J ) 8.4, 7.4,
2.0 Hz, 1 H), 7.13 (dd, J ) 7.4, 4.9 Hz, 1 H), 7.04 (d, br, J )
8.4 Hz, 1 H), 6.64 (ddd, J ) 7.4, 6.0, 2.0 Hz, 1 H), 5.54 (d, br,
J ) 8.4 Hz, 1 H), -12.02 (s, 1 H, µ-H). 13C{1H} NMR, DEPT
(CD2Cl2): δ 189.3, 182.6, 178.7 (all CO’s), 177.3 (C), 167.8 (C),
157.2 (CH), 146.9 (CH), 138.7 (CH), 136.2 (CH), 123.2 (CH),
122.9 (CH), 119.6 (CH), 115.9 (CH) ppm.

X-ray Structures of Compounds 1 and 2. Suitable
crystals were obtained by slow diffusion of pentane in a THF-
CH2Cl2 (1:10) solution of complex 1 and by slow evaporation
at room temperature of a diethyl ether solution of complex 2.
Diffraction data were collected on a Nonius CAD-4 diffracto-
meter, with the ω-2θ scan technique and a variable scan rate,
using graphite-monochromated Mo KR radiation. Lorentz and
polarization corrections were applied and data were reduced
to Fo

2 values. Empirical absorption corrections were applied
using XABS2,16 with transmission factors in the ranges 0.703-
0.612 for 1 and 0.116-0.134 for 2. The structures were solved
by Patterson interpretation using the program DIRDIF-96.17

Two crystallographically independent molecules were found

in the asymmetric unit of compound 2. Isotropic and full
matrix anisotropic least-squares refinements were carried out
using SHELXL-97.18 All non H atoms were refined anisotro-
pically, except N(2A), C(5A), C(6A), and C(15A) of compound
2, which were treated isotropically. Hydrogen atom positions
were geometrically calculated and refined riding on their
parent atoms, except the hydride and the NH hydrogen atoms
of 1, which were located by Fourier difference maps and their
coordinates refined, and the hydride atoms of both independent
molecules of 2, the positions of which were calculated using
the program XHYDEX19 and were refined fixing their coordi-
nates and thermal parameters. The molecular plots were made
with the EUCLID program package.20 The WINGX program
system21 was used throughout the structure determinations.
Selected crystal and refinement data are given as footnotes.22,23

Relevant molecular parameters are given in the captions of
Figures 1 and 2.
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DIRDIF-96 Program System; Crystallography Laboratory, University
of Nijmegen: The Netherlands, 1996.

(18) Sheldrick, G. M. SHELXL97, version 97-2; University of Göt-
tingen: Germany, 1997.

(19) Orpen, A. G. J. Chem. Soc., Dalton Trans. 1980, 2509.
(20) Spek, A. L. The EUCLID Package, in Computational Crystal-

lography; Sayre, D., Ed.; Clarendon Press: Oxford, UK, 1982; p 528.
(21) Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837.
(22) Crystal and selected refinement data for 1: C19H9N3O9Ru3; fw

) 726.5; cryst size ) 0.23 × 0.23 × 0.17 mm; cryst system ) triclinic;
space group ) P1h; a ) 8.575(4) Å; b ) 8.811(1) Å; c ) 15.479(4) Å; R
) 87.09(3)°, â ) 77.17(3)°; γ ) 76.71(2)°; V ) 1109.9(6) Å3; Z ) 2; Fcalcd
) 2.174 g/cm3; λ ) 0.71073 Å; µ ) 2.071 mm-1; F(000) ) 696; index
range: 0 < h < 10, -10 < k < 10, -18 < l < 19; θ range ) 1.35-
25.98°; temp ) 293(2) K.; collected reflns ) 4657; unique reflns ) 4349;
RInt ) 0.0121; reflns with I < 2σ(I) ) 3620; no. of variables ) 315;
weighting scheme w-1 ) σ2Fo

2 + (0.029P)2 + 0.7312P, P ) (Fo
2 + 2Fc

2)/
3; GoF ) 1.074; final R2σ(I) ) 0.0225; final wR2all data ) 0.0591; largest
diff peak and hole ) 0.353 and -0.671 e/Å3.

(23) Crystal and selected refinement data for 2: C20H9N3O10Os3; fw
) 1021.9; cryst size ) 0.13 × 0.13 × 0.13 mm; cryst system )
monoclinic; space group ) P21/c; a ) 15.595(8) Å; b ) 25.075(5) Å; c )
12.79(1) Å; â ) 99.81(6)°; V ) 4930.5(6) Å3; Z ) 8; Fcalcd ) 2.753 g/cm3;
λ ) 0.71073 Å; µ ) 15.483 mm-1; F(000) ) 3664; index range: -19 <
h < 0, -30 < k < 0, -15 < l < 15; θ range ) 1.33-25.97°; temp )
200(2) K; collected reflns ) 10018; unique reflns ) 9657; RInt ) 0.0732;
reflns with I < 2σ(I) ) 5648; no. of variables ) 629; weighting scheme
w-1 ) σ2Fo

2 + (0.089P)2, P ) (Fo
2 + 2Fc

2)/3; GoF ) 1.009; final R2σ(I) )
0.0478; final wR2all data ) 0.1454; largest diff peak and hole ) 2.181
and -2.409 e/Å3.
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