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Summary: The reactions and coordination geometry of
bis(2-pyridyl)amine (Hdpa) and its deprotonated anion
(dpa) can be effectively modified by the reaction condi-
tions. Depending on the solvent system, the reaction of
multinuclear ruthenium carbonyls such as Ruz(CO)i2
and [Ru(CO)sCly]; with Hdpa at moderate reaction
temperatures lead to low yields of a monomeric cis(CO),
cis(Cl)-Ru(Hdpa)(CO),Cl; or a dimeric metal—metal-
bonded [Ru(dpa),(CO);].. In organic solvents high tem-
peratures favor the formation of [Ru(dpa)2(CO),]2 from
clustered Ruz(CO);2 and Hdpa. The high-temperature
reactions in HCI solution can, in turn, be used for
selective synthesis of cis(CO),cis(Cl)-Ru(Hdpa)(CO),Cl..
dpa (deprotonated with CHgsLi) readily reacts with
[Ru(CO)sCl,]2, Rus(CO)12, or H4Ru4(CO)12 in organic
solvents, leading to [Ru(dpa),(CO)].. Under the corre-
sponding conditions Os carbonyls produce a new type
of dpa-bridged dimer compound without a direct metal—
metal bond, [Os(dpa)(CO)2(CH3)]2, in addition to the
ruthenium dimer equivalent [Os(dpa)»(CO);]..

Bis(2-pyridyl)amine (Hdpa) and its deprotonated an-
ion (dpa) have been widely used as ligands in a variety
of metal complexes. Hdpa is most commonly coordinated
by both of its pyridyl nitrogens, forming chelating
structures. In this coordination mode Hdpa is usually
in the trans,trans configuration. The possible configura-
tions of Hdpa and dpa are shown in Figure 1.

Several metals are known to have pyridyl-coordinated
chelating complexes of Hdpa.l~'* Monodentate!®'6 and
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Figure 1. Configurations of Hdpa (n = 0) and dpa (n =
—1). The amine hydrogens of Hdpa have been omitted for
clarity.

ortho-metalated!” Hdpa complexes are less common but
also known. In ortho-metalated Ruz(u-H)(u,r3-Hdpa-
C,N,N)(CO)g one of the ruthenium centers is chelated
by the aromatic nitrogens of Hdpa. Simultaneously, the
trans,trans-configured Hdpa is attached to a neighbor-
ing ruthenium through a metalated carbon.

In comparison to Hdpa, the coordination modes of the
dpa are more versatile. The anionic dpa is able to act
as a tridentate, bidentate, or monodentate nitrogen
ligand. Bridging or chelating coordination modes are
typically the dominating ones. In a tridentate bridging
coordination the bis(2-pyridyl)amide ligand usually has
a cis,cis configuration (Figure 1).18-27 In a typical
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chelating system, one of the pyridyl nitrogens is at-
tached, together with the amino nitrogen, to the same
metal. The second pyridyl nitrogen then either is bonded
to the adjacent metal center, which leads to a chelating-
bridging coordination or is left dangling free. In chelat-
ing—bridging systems the cis,cis configuration of dpa is
the most common,?8=34 although in some aluminum
compounds another type of chelating—bridging mode
has been reported.3536

As in the case of Hdpa, a variety of bidentate pyridyl-
coordinated trans,trans-configured complexes of dpa are
also known.3237-44 The trans,cis arrangement of the dpa
is clearly less common than trans,trans or cis,cis, but
this mode can also be found, for example, in polymeric
[(CH3)2TI(dpa)].*?

In our current research we have undertaken further
study of the reactions of Hdpa and dpa with a series of
carbonyl-containing Ru and Os compounds. Our pri-
mary aim was to investigate the effects of the reaction
conditions on the reactivity of bis(2-pyridyl)amine and
on the coordination modes of Hdpa and dpa ligands.

It has recently been reported that Hdpa can be
coordinated to a ruthenium center via ortho metalation,
leading to C,N,N-coordinated Ruz(Hdpa)(CO)s.1” In the
corresponding reaction of Hdpa with the trinuclear
osmium cluster no ortho metalation occurred but the
amino group was deprotonated.” The deprotonation was
accompanied by the formation of a bidentate bridging
coordination, where one of the aromatic nitrogens is
bonded to one osmium center and the deprotonated
amino nitrogen to the neighboring Os.%”

We conducted the reaction of Hdpa with Ru3(CO);,
in two steps. (1) The reactants were refluxed in a
nonpolar solvent, n-hexane, to yield the primary solid
product. (2) This primary product was then extracted
with THF, and the final product was obtained by
evaporating the solvent to dryness. This procedure
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Notes

Figure 2. Molecular structure of [Ru(dpa)(CO),]. (1) and
the numbering scheme for 1 and 2. The thermal ellipsoids
are drawn at the 50% probability level. Selected bond
lengths (A) and angles (deg): Ru(1)—Ru(2) = 2.6614(2),
Ru(1)—N(1) = 2.221(2), Ru(1)—N(2) = 2.110(2), N(1)—
C(14)—N(2) = 107.1(2), N(2)—C(15)—N(3) = 114.0(2), Os(1)—
Os(2) = 2.6862(5), Os(1)—N(1) = 2.205(9), Os(1)—N(2)
2.123(8), Os(2)—N(3) = 2.202(8), N(1)—0s(1)—N(2)
105.4(8), N(2)—C(15)—N(3) = 116.0(9).

produced a low yield of a dimeric ruthenium compound,
[Ru(dpa)(CO)2]2 (1), shown in Figure 2.5

The formation of [Ru(dpa)(CO);], shows that depro-
tonation of Hdpa is also possible in reactions with
ruthenium carbonyl clusters, even at relatively low
temperatures. As a result of the chelating—bridging
coordination mode, the dpa ligands in 1 are forced into
a cis,cis arrangement. This closely resembles the coor-
dination geometry found in V,(dpa)43® and in [(CHz3),-
In(dpa)]2.32 In contrast to the Vy(dpa)s and [(CH3)2In-
(dpa)]2 types of compounds, the metal—metal distance
in [Ru(dpa)(CO),]. is relatively short, 2.6614(2) A,
indicating a clear bonding interaction between the two
ruthenium centers. However, the Ru—Ru distance found
in 1 is considerably longer than in trinuclear Rus(dpa)4Cl,
(2.2573(5) A), where delocalized three-centered Ru''—
Ru"'—Ru'" bonding is reported to further strengthen the
metal—metal interaction.?*

The yield of [Ru(dpa)(CO);], could be improved by
using an elevated temperature. When Ruz(CO);> was
allowed to react with Hdpa in a tightly closed autoclave
at 220 °C using toluene as solvent, [Ru(dpa)(CO),], was
obtained in ca. 55% yield. The same approach also
worked well for Os3(CO)1,, the yield of [Os(dpa)(CO).]»
(2) being ca. 65%.

The redox properties of 1 and 2 were compared in
detail by cyclic voltammetry in DMSO/0.1 M TBAP
(Figure 3). On a vitreous carbon electrode the CV of 1
(Figure 3 (— « —)) exhibits an irreversible broad cathodic
wave at Epc = —2.44 V52 and an irreversible wave at
Epa = 0.27 V. An exhaustive reduction at —2.45 V
consumes only one electron per molecule of 1 and
induces a dark orange solution, indicating formation of
an oligomeric Ru' species. However, by comparison of
the intensities of both waves, 1 should be oxidized by a
bielectronic process. With regard to the [Ru'(bpy)(CO),-
(CH3CN)]22* complex,*® the oxidation process could lead
to the formation of a Ru(ll) monomer complex, which
results from the oxidation-induced breakage of the Ru'—
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Figure 3. CVs (scan rate 100 mV s1) in DMSO/0.1 M

TBAP on a VC electrode (diameter 3 mm): (— e —) 1.5mM

of 1 between (a) 0 and —2.65 V and (b) 0 and 0.40 V; (—)

1.1 mM of 2 between (a) 0 and —2.75 V and (b) 0 and 0.35

V.

Ru' bond and the coordination of solvent molecules.
Despite the structural similarities of the dinuclear dpa
carbonyl complexes [M(dpa)(CO),]. (M = Ru, Os), there
are some differences in the electrochemical behavior of
these compounds. The CV of 2 exhibits an irreversible
two-electron cathodic peak at Epc = —2.59 V (Figure 3
(— (a))). An exhaustive reduction, carried out at —2.50
V, consumes two electrons per molecule of complex 2
and leads to a soluble orange product which, unlike in
the case of 1, is most probably a zerovalent oligomeric
Os? species. In the positive potential region, a one-
electron reversible wave (E1;2 =0.20 V, lpd/lpc = 1, AEp
= 0.09 V (Figure 3 (— (b))) was obtained, formally
corresponding to the Os(1)/Os(I1) redox couple of one of
the two osmium metal centers. The reversibility of this
system indicates that no Os—Os bond cleavage occurred
during the oxidation process. In addition, an irreversible
system was observed at E, s = 0.60 V, corresponding to
the oxidation of the second Os' metal center. This
process can be associated with the breakage of the Os—
Os bond and the formation of a Os(I1) monomer complex.

When the reaction between Ruz(CO);, and Hdpa was
carried out in HCI solution at elevated temperature (200
°C in an autoclave), the cluster core was completely
broken and chlorinated mononuclear Ru(Hdpa)(CO),Cl,
was obtained. The HCI reaction led mainly to the cis-
(CO),cis(Cl) isomer of Ru(Hdpa)(CO),Cl, (3a) shown in
Figure 4. Only minor amounts of cis(CO),trans(Cl)-
[Ru(Hdpa)(CO).Cl,] (3b) were found in some of the
reaction products. The isomers are analogous to the
corresponding 2,2'-bipyridine complexes of Ru(bpy)-
(CO)2Cl»* and could be identified by NMR.

It was also possible to obtain the cis(CO),cis(Cl)
isomer of Ru(Hdpa)(CO),Cl. by refluxing [Ru(CO)sCl]»
and Hdpa in THF. However, although the selectivity of
the cis(CO),cis(Cl) isomer was very good in this proce-
dure, the total yield remained very low.

The cis(CO),trans(Cl) isomer of Ru(Hdpa)(CO),Cl,
(3b) could be synthesized by allowing RuCl; to react
with Hdpa in an alcohol solution under a CO atmo-
sphere. The same method has been used previously, for
example, in the synthesis of cis(CO),trans(Cl)-Ru(dmbpy)-
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Figure 4. Molecular structure of cis(CO),cis(Cl)-Ru(Hdpa)-
(C0O).Cl; (3a). The thermal ellipsoids are drawn at the 50%
probability level. Carbonyl and chloride ligands are located
in two positions, owing to disorder. Selected bond lengths
(A) and angles (deg): Ru(1)—N(1) = 2.107(3), Ru(1)—CI(1)
= 2.419(2), Ru(1)—C(1) = Ru(1)—CI(2) = 1.853(18), Ru(1)—
C(3) =1.867(7), CI(1)—Ru(1)—C(3) = 178.4(2), N(1)—Ru(1)—
N(1A) = 86.0(2), C(14)—N(2)—C(14A) = 126.1(5).

(C0).Cl, (dmbpy = 4,4'dimethyl-2,2'-bipyridine).*” Even
though 3b was the major component, considerable
amounts of 3a were formed even in this reaction. The
ratio of 3b/3a was typically 2/1.

Although there are structural resemblances between
Ru(Hdpa)(CO),Cl, and the corresponding 2,2'-bipyridine
complex Ru(bpy)(CO),Cl,, there are some distinct dif-
ferences in the electrochemical behavior of these com-
pounds. The one-electron reversible system correspond-
ing to the Ru(ll)/Ru(lll) redox couple observed for
Ru(bpy)(CO),Cl,*® was not found for 3a. Instead, an
irreversible system at E, , = 1.50 V was the dominating
feature of the CV of 3a. This irreversibility indicates
that the metal-center oxidation process may be associ-
ated with the amine oxidation. Indeed, under the same
conditions, uncomplexed Hdpa has an irreversible oxi-
dation peak at 1.00 V, which is thought to be associated
with the amine of the ligand.*®% In the negative
potential area, 3a exhibits an irreversible reduction
peak at E,c = —1.92 V. It has been well established that
the two-electron reduction of trans(Cl)- or cis(Cl)-Ru(bpy)-
(CO)2Cl; leads to the formation of polymeric [Ru(bpy)-
(CO)2]n.*® However, an exhaustive reduction of 3a on a
platinum sheet at —2.10 V consumes only about one
electron per molecule of ruthenium complex and pro-
duces a soluble orange species, most probably due the
formation of a dimeric Ru' compound. When the ex-
haustive reduction was carried out in deuterated de-
DMSO and followed by 'H NMR, the aromatic region
revealed 13 overlapping patterns for 18 protons, which
is notably different from that recorded for 3a before
reduction (7 overlapping patterns for 9 protons). The
resonance of the Hdpa ligand protons, initially located
between 10.9 and 7.2 ppm for 3a, shifted toward high-

(47) Homanen, P.; Haukka, M.; Luukkanen, S.; Ahlgrén, M.; Pak-
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energy field conditions (~—1.2 ppm). Such a shift
reflects the increasing electronic density of the Hdpa
subunit due to the one-electron reduction. Similar shifts
have been previously observed also for the reduction of
the related mononuclear Ru''—bpy to the dinuclear Ru'—
bpy.45

When the deprotonated (with methyllithium at —70
°C) anionic dpa was allowed to react with the multi-
nuclear ruthenium carbonyls [Ru(CO)3Cl;]2, Ru3(CO)12,
and H4Ru4(CO)12, the formation of the dimeric [Ru(dpa)-
(C0O);]2 was found to dominate the reactions. However,
[Ru(dpa)(CO)2]. was obtained with a reasonable
yield only in the reaction between the nonclustered
[Ru(CO)sCl3], and dpa.

In a reaction between [Os(CO)3Cl;,], and dpa under
reflux in THF, a new type of product, [Os(dpa)(CO),-
(CH3)]2 (4), was slowly precipitated (Figure 5).

The crystal structure of 4 shows that there is no direct
metal—metal bond, the Os—0Os distance being 4.8633(3)
A. This is much longer than the true Os—Os bond
distance of 2.6862(5) A found in compound 2. In [Os(dpa)-
(C0O)2(CH3)], the dpa ligands are again in a chelating—
bridging mode, but the dpa is now in a trans,trans
configuration and the aromatic nitrogens are bonded to
the same metal center while the amine nitrogen is

(51) The X-ray diffraction data were collected on a Nonius Kap-
paCCD diffractometer using Mo Ko radiation (1 = 0.710 73 A).
Crystallographic data for 1: empirical formula, CzsH1sNsO4RU2; fw,
654.57; temperature (K), 150(2); crystal system, monoclinic; space
group, P2,/n; a (A), 11.18300(10); b (A), 12.37700(10); ¢ (A), 16.4926(2);
y (deg), 91.5590(6); V (A3), 2281.93(4); Z, 4; rcaica (Mg/m3), 1.905; (Mo
Ko) (mm™1), 1.37; R1(l = 20), 0.0232; wR2(l = 20), 0.0554. Crystal-
lographic data for 2: empirical formula, C4H16N6O40s;; fw, 832.83;
temperature (K), 150(2); crystal system, monoclinic; space group, P2,/
n; a (A), 11.1852(2); b (A), 12.3410(3); ¢ (A), 16.4673(5); B (deg),
91.9150(10); V (A3), 2271.82(10); Z, 4; rea(Mg/m3), 2.435; u(Mo Ka)
(mm™1), 11.222; R1(l = 20), 0.0341; wR2(l = 20), 0.0815. Crystal-
lographic data for 3b: empirical formula, C1,HgCI:N3O,Ru; fw, 399.19;
temperature (K), 120(2); crystal system, orthorhombic; space group,
Pnma; a (A), 7.5913(2); b (A), 14.0646(4); ¢ (A), 12.6816(4); V (A3),
1354.00(7); Z, 4; rcaica (Mg/m3), 1.958; u(Mo Ka) (mm~1), 1.555; R1(l =
20), 0.0334; wR2(l = 20), 0.0725. Crystallographic data for 4: empirical
formula, CzsH22NgO40sy; fw, 862.9; temperature (K), 150(2); crystal
sxstem, triclinic; space group, P1, a (A), 8.0211(2); b (A), 9.2464(2); ¢
(A), 9.8554(2); o (deg), 115.2540(10); B (deg), 96.8420(10); y (deg),
104.3250(10); V (A3), 619.11(2); Z, 1; reaica (Mg/m3), 2.314; u(Mo Koy
(mm~1), 10.299; R1(l = 20), 0.0207; wR2(l >20), 0.0491. R1 = Y ||F,| —
IFell/3.Fol. WR2 = [ [W(Fs? — Fe?)2)/ 3 [w(F?)?]]H2.

(52) All electrode potentials are referenced to 10 mM Ag/AgNOs in
CH3CN/0.1 M TBAP, which can be converted to the Fc/Fct couple by
adding —0.05 V.

Notes

Figure 5. Molecular structure of [Os(dpa)(CO),(CH3)]2 (4).
The thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths (A) and angles (deg): Os(1)-*
-0Os(2) = 4.8633(3), Os(1)—N(1) = 2.146(4), Os(1)—N(2)
2.239(3), Os(1)—N(3) = 2.144(4), N(1)—0s(1)—N(3)
82.81(13), N(3)—C(15)—N(2A) = 122.1(4), N(1)—C(14)—
N(2A) = 123.6 (4).

bonded to the adjacent Os atom. Although [Os(dpa)-
(C0O)2(CH3)]2 was the predominant product, traces of
[Os(dpa)(CO).], were also observed in some reactions
of [Os(C0O)3Clz]2. When the osmium carbonyl chloride
reactant was replaced by the cluster compound Os3(CO)15,
the yield of [Os(dpa)(CO),], was improved, but even in
this case it remained very low and only a few crystals
of 2 could be isolated.
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