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A convenient synthetic approach to build up new polynucle-
ating ligands is presented. Symmetric and asymmetric pyrid-
ylpyrimidine dimers are produced by radical anion coupling
and nucleophilic addition, respectively. A diruthenium com-
plex of the asymmetric ligand was synthesised and charac-

Introduction

Oligo(azaheterocyclic) compounds are highly regarded
by coordination chemists for their use in building up large
polymetallic complexes.[1,2] This appreciation stems from
their stability in a wide range of reaction conditions and
their ability to form stable complexes with most transition
metal ions. They are synthesised in a variety of ways: ring-
forming reactions (e.g., Kröhnke synthesis), ring-coupling
reactions (e.g., Stille reaction), or a combination of the two.
However, these reactions have the drawback of usually re-
quiring substituted heterocycles in order to bring two moi-
eties together. We report herein on a rapid and convenient
synthesis of isomeric oligo(azaheterocyclic) ligands for in-
corporation into metallodendrimers starting from unsubsti-
tuted heterocycles. In addition, the diruthenium complex of
one dinucleating ligand has been prepared and fully charac-
terised.
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terised by cyclic voltammetry, luminescence and 99Ru NMR
spectroscopy.

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Results and Discussion

We previously demonstrated that an Ni-catalysed coup-
ling reaction could be used to increase the metal ion content
in metallodendrimers and proposed a general method to
create new binding sites in metal complexes (Scheme 1).[3,4]

Although dimetallic complex 2b was readily synthesised by
an Ni-catalysed coupling of monometallic complex 1b,
metal-free ligand 2a was required to fully interpret the elec-
trochemical and spectroscopic properties of its complexes.

Scheme 1. The attempted synthesis of ligand 2a

Our initial attempt to synthesise 2a by the nickel-cata-
lysed coupling of 1a failed to afford significant quantities
of 2a (Scheme 1), presumably due to the sequestering of
the nickel catalyst by the free chelating site in 1a or to its
deactivation toward coupling as was previously shown for
carbonylmetal compounds of chlorophenanthrolines.[5] In
another attempt, dimetallic complex 2b could not be de-
metallated using CN�. Thus, a synthesis of 2a without
transition metals was required, and direct lithiation/addi-
tion appeared to be the best route.
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Direct metallation of azaheterocycles is usually aided by

directing metallation groups (DMGs),[6,7] such as those
used for aromatic hydrocarbons.[8,9] The functional group
serves to direct the lithiation either electronically or by co-
ordination. However, there are a few reported cases of dir-
ect lithiation of unsubstituted electron-deficient hetero-
cycles.[10,11] Pyrimidine can be lithiated directly in the 4-
position using lithium 2,2,6,6-tetramethylpiperidide
(LTMP), and its addition to pyrimidine gives 4,4�-bipyrimi-
dine (bpym) in modest yield.[11] This suggested that
lithiation of 4-(2-pyridyl)pyrimidine (3)[12] in the 6-position,
followed by addition to another ligand 3, would give 2a.
However, as the pyridine in 3 could also serve as a DMG,[13]

an asymmetric coupling reaction could also occur
(Scheme 2, route a).

Scheme 2. Synthetic routes to symmetric ligand 2a and asymmetric
ligand 4a using LTMP with 3

Direct lithiation/addition routes were attempted as out-
lined in Scheme 2 and Table 1. Thus, 3 was treated with
LTMP at �78 °C in an effort to lithiate the 6-position, fol-
lowed by its addition to 3. Subsequent warming and air
oxidation afforded the symmetric dimer 2a and the asym-
metric dimer 4a in 16% and 22% yield, respectively (Table 1,
Entry 1).

LTMP and 3 were recombined at �78 °C in order to
verify the positions of lithiation and their relative ratios
(Table 1).[14] The lithio intermediates were trapped by the
addition of TMSCl at timed intervals after LTMP addition
(Entries 2�4). The expected 6-lithio species was not formed
in any appreciable amount after the first minute, instead
only the 5-TMS adduct formed. After 5 min, 2a had
formed, even though no 6-TMS adduct could be trapped.
This suggested that some other route may be operative as
heterocyclic carbanions are usually trapped by TMSCl
when competing with addition reactions to other hetero-
cycles.[15] After 10 min, 4a was formed by the addition of
the 5-lithio species to the 6-position of 3. The phenylation
of 3 in the 6-position in 32% yield confirmed the site of
addition (Entry 5). Interestingly, lithium diisopropylamide
(LDA, Entry 6) gave only a minute quantity of 4a via the
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Table 1. Lithiation/addition and radical anion coupling reactions
for 3

Entry Ligand[a] Alkali Product[b] Yield (%)

1 TMP nBuLi 2a 16
4a 22

2[c] TMP nBuLi 2a 0
5-TMS-py-pm 30

3[d] TMP nBuLi 2a 11
5-TMS-py-pm 58

4[e] TMP nBuLi 2a 17
5-TMS-py-pm 28
4a 10

5 � PhLi 6-Ph-4-py-pm 32
6 � LDA 4a � 5
7[f] � Na(s) 2a 95[g]

8[h] TMP n BuLi 2a 10
� CuCl2 4a 22

[a] TMP � 2,2,6,6-tetramethylpiperidine. [b] 5-TMS-py-pm � 4-(2-
pyridyl)-5-(trimethylsilyl)pyrimidine, 6-Ph-4-py-pm � 6-phenyl-4-
(2-pyridyl)pyrimidine. [c] The reaction was quenched after 1 min
with excess trimethylsilyl chloride. [d] The reaction was quenched
after 5 min with excess trimethylsilyl chloride. [e] The reaction was
quenched after 10 min with excess trimethylsilyl chloride. [f] No
oxidation occurred with air. The residue was dissolved in acetone
and an excess of KMnO4 was added. The solution was stirred for
1 h before usual workup. [g] Based on recovered 3, 40% conversion.
[h] Reaction conducted in THF.[11]

5-lithio species, with no sign of 2a. LDA was previously
shown to dimerize 2,2�-bipyridine and give its 3,6�-
coupled dimer.[16,17]

As pyridine is well known to dimerize by way of its rad-
ical anion upon treatment with alkali metals[18,19] and
LDA,[20] a radical pathway for the formation of 2a with
LTMP was still possible, especially considering the lower
reduction potential of pyrimidine compared to pyridine.[21]

A radical anion mechanism was indeed supported by the
reduction of 3 with sodium (Entry 7), which afforded 2a in
95% yield based on recovered 3, with no sign of 4a
(Scheme 2b). Increasing the amount of sodium and the re-
action time had no effect on the ratio 2a/3.

The addition of a catalytic amount of the known radical
quencher CuCl2[11] to the reaction mixture (Entry 8,
Table 1) resulted in a decrease in the yield of 2a, but not its
complete elimination. Increasing the amount of CuCl2 leads
to a lower yield of both isomers. Thus, we propose that the
reaction in Entry 1 is a balance between a single electron
transfer mechanism resulting in 2a and an ortho-directed
metallation at the pyrimidine 5-position followed by attack
at the 6-position of the second ligand 3, giving 4a after ox-
idation. In the case of the reaction with Na(s), the lower
reduction potential of the pyrimidine ring affords a direct
route to homocoupled ligands through radical anion coup-
ling.

Asymmetric ligands such as 4a are generally more diffi-
cult to obtain than their symmetric counterparts,[16,17] but
they can give valuable information on the interaction be-
tween metals in different binding sites. We therefore ana-
lysed the structure of 4a and prepared its diruthenium com-
plex. In this case, the steric hindrance about the C�C bond
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joining the two pyrimidine rings may preclude metal�metal
interaction in its dimetallic complex. An X-ray crystal
structure determination allowed the bond connectivity in
4a to be verified and the steric hindrance at both coordina-
tion sites to be compared. Thus, the bond between the two
pyrimidine rings in 4a (C13 to C9) is unequivocally assigned
by X-ray crystallography (Figure 1).[22] The dihedral angle
of 38.1° between the two pyrimidine rings clearly demon-
strates the steric congestion about this bond. This is also
seen in the 38.2° dihedral angle to the adjacent pyridine
ring (C14 to C19), compared to the 2.7° dihedral angle at
the other less encumbered pyridine ring (C1 to C7). The
bond lengths and angles in 4a are consistent with other pyr-
idine- and pyrimidine-containing ligands.[23,24]

Figure 1. The crystal structure of 4a

Diruthenium complex 4b was readily prepared in 52%
yield by allowing an excess (3 equiv.) of Ru(bpy)2Cl2 to re-
act with 4a in refluxing ethanol (Scheme 3). The complex
was purified by chromatography on silica gel using a
MeCN/water/KNO3 (sat. aq.) (5:4:1) solution as eluent fol-
lowed by anion exchange to its PF6 salt. 1H and 13C NMR
spectroscopic and mass spectrometric analyses confirm the
dinuclear nature of 4b. Cyclic and differential pulse voltam-
mograms of 4b in acetonitrile vs. SCE (in V, anodic and
cathodic peak separation in mV) showed a single oxidation
process which is assigned to two simultaneous, metal-based,
one-electron oxidation processes [�1.40 V (100 mV)] and
two reversible one-electron reduction processes [�0.70 V
(62 mV), �1.00 V (63 mV)], which are assigned to success-
ive one-electron reductions of the coordinated bridging li-
gand 4a. No other reversible reductions were found out to
�2.00 V. The coincidence of the two metal-centred oxida-
tion processes indicates that the two metal centres are only

Scheme 3. Synthesis of diruthenium complex 4b
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weakly interacting with one another, as expected since the
two chelating sites in 4b cannot lie co-planar to afford or-
bital overlap (cf. Figure 1). The ligand-based reduction po-
tentials are considerably less negative than bpy-centred re-
ductions in Ru(bpy)3

2� (�1.28 V)[25] due to the electron-
deficient nature of the pyrimidine rings.

The absorption and photophysical properties of 4b are
also in line with those of other dinuclear (polypyridine)RuII

complexes containing relatively easy-to-reduce bridging li-
gands.[25] The electronic absorption spectrum of 4b in ace-
tonitrile shows the same general profile, with ligand-based
absorptions predominating in the UV region: λmax (ε
[�1cm�1]) � 247 (44,400), 286 nm (114,300)] and spin-al-
lowed MLCT bands in the visible region: λmax (ε
[�1cm�1]) � 429 (17,000), 518 nm (14,300)]. Complex 4b
is luminescent at room temperature, emitting at 784 nm
with a lifetime of 34 ns. At 77 K, the emission shifts to
shorter wavelength, 695 nm, and its lifetime extends to
126 ns.

Complex 4b was further characterised using 99Ru
NMR.[26] At 343 K, the 99Ru NMR spectrum of an aceto-
nitrile solution of 4b presents two baseline-resolved reso-
nances of equal intensity at δ � 4660 and 4677 ppm (Fig-
ure 2). This agrees with the two inequivalent Ru sites in
4b. The line width at half height (W1/2), similar for both
resonances (ca. 100 Hz, i.e. 4 ppm), is hardly larger than
for the highly symmetrical analogue Ru(bpy)3

2� (65 Hz in
CD3CN at 22 °C).[27] This reflects the fact that the local
symmetry at each Ru site is relatively higher than expected
from the low symmetry of the whole complex 4b. Attribu-
tion of the two signals to the ruthenium ions is virtually
impossible, as there is no general correlation with other ex-
perimental data. It is nevertheless noteworthy that the very
subtle differences of the two binding sites of asymmetric
ligand 4a are clearly reflected in different chemical shifts for
the ruthenium atom. The observed difference in chemical
shift between the two Ru nuclei (17 ppm) is very small when
compared to the huge chemical shift range of 99Ru (ca.
18,000 ppm) as well as to the various ‘‘medium’’ effects,
such as the dependence of the ruthenium chemical shift on
temperature, solvent and concentration. This confirms the

Figure 2. 99Ru NMR of complex 4b in acetonitrile at 343 K
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high potential of 99Ru NMR to characterise polynuclear
ruthenium complexes.[27] We are currently working on other
(azaheterocycle)di- and -triruthenium complexes and mak-
ing use of 99Ru NMR to probe ruthenium-containing den-
drimers.

Conclusion

The combination of 3 and LTMP gives both radical an-
ion coupling and lithiation/addition reactions, which were
found to produce symmetric and asymmetric ligands 2a and
4a, respectively. Controlled radical anion coupling of the
electron-deficient pyrimidine ring of 3 using Na has allowed
a facile entry into the synthesis of trinucleating ligand 2a.
Thus, the judicious choice of reaction conditions is an easy
way to produce different multinucleating ligands for coor-
dination chemistry from unsubstituted azaheterocycles.

The diruthenium complex of asymmetric ligand 4a has
been fully characterised, including its 99Ru NMR. It is note-
worthy that although electrochemical studies could not cle-
arly distinguish between the two metal centres in 4b, this
was readily accomplished using 99Ru NMR. We are investi-
gating methods to increase the overall yield of this reaction
and to expand this approach to poly(azaheterocyclic) li-
gands.[28]
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