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Di-2-pyridylmethane (1) and the bridging ligands 1,1,2,2-tetra(2-pyridyl)ethane (2), 1,1,2,2-tetra(2-pyridyl)ethan-2-ol
(3) and tetra(2-pyridyl)ethene (4) chelate to metal atoms with the formation of 6-membered chelate rings. The utility
of these ligands in coordination chemistry and as metallosupramolecular synthons was probed by reaction with
silver, copper, palladium and zinc salts. On reaction with AgNO3 the model ligand, 1, formed a 1-D coordination
polymer with an unusual bridging mode and with Cu(NO3)2 underwent oxidation to produce a Cu6(L)4 (L = 5, di-2-
pyridylmethanediol) complex. The bridging ligands 2 and 4 formed several discrete dinuclear complexes, a [2 � 2]-
dimetallomacrocycle and a 1-D coordination polymer. Ligand 3 was demonstrated to be less stable and underwent
three different solvolysis reactions to give a range of products that were characterised by X-ray crystallography.

Introduction
Many nitrogen-containing heterocyclic ligands can function as
bridges between two or more transition metal centres and are
known to facilitate interactions between the metal atoms
through the π-system of the ligand.1–3 Such multitopic ligands
have multiple metal binding sites held in defined geometries by
virtue of the ligand structure. The extent of any metal–metal
communication is moderated by such factors as the metal–metal
distance, the degree of conjugation between the metal centres
and the properties of the ligand.2 In addition to affecting the
photochemical, photophysical and electrochemical properties
of multinuclear transition metal complexes, bridging ligands
have been extensively used as building blocks for the construc-
tion of large metallosupramolecular aggregates with well-
defined structures.4 The combination of the structural and func-
tional properties of bridging ligands have led to interesting
advances in the areas of multi-electron catalysis, information
storage, solar energy conversion, and artificial photosynthesis.2,5

Bridging ligands incorporating 2,2�-bipyridine (bpy) subunits
coordinate to metal atoms with the formation of stable five-
membered chelate rings and have been extensively studied in
coordination chemistry.2,3 Much less studied are the class of
ligands shown in Fig. 1 that contain two 2-pyridyl substituents
separated by a single atom spacer (X), and which result in the
formation of a 6-membered chelate ring.6 The simplest of these
is that in which a methylene group (X = CH2) acts as the spacer.
Di-2-pyridylmethane (1) has been sparingly used as a ligand.7,8

Fig. 1 The archetypal chelating ligand, bpy, and the ligands investi-
gated in this paper (1–4). The decomposition products (5 and 6)
encountered in this study are also shown.

This motif can be extended to three structurally related
bridging ligands, 1,1,2,2-tetra(2-pyridyl)ethane (2), 1,1,2,2-
tetra(2-pyridyl)ethan-2-ol (3) and tetra(2-pyridyl)ethene (4),
which were prepared as described in the literature.7,9,10 These
bridging ligands all contain two di-2-pyridylmethane chelating
subunits, and are therefore capable of bridging two metal
atoms. Ligand 2 has previously been studied by Canty and
Minchin, and a palladium complex of this ligand described.7,9

An in situ preparation of ligand 4, during the synthesis of
a dinuclear copper complex, has also been described,11 and
extended reaction times eventually lead to a copper complex of
ligand 3.12

We have recently been involved in a systematic study of
ligands capable of forming 6-membered chelate rings and
investigations of the structural, electrochemical and photo-
physical properties of their complexes. Previously, we have
reported complexes of these ligands (1, 2 and 4) with octahedral
ruthenium centres and described the visible absorption spectro-
scopy and electrochemistry of those complexes.10 We also
reported crystal structures of mononuclear bis(2,2�-bipyridine)
ruthenium complexes of ligands 2 and 4,10 but found these
ligands to be curiously resistant to forming binuclear com-
plexes. In this paper we report a study of the synthesis and
structural chemistry of multinuclear complexes of these ligands
with a selection of transition metals.

Experimental

General

The ligands investigated in this work, 1, 2, 3 and 4, were pre-
pared by literature procedures.7,9,10 NMR spectra were recorded
on either a Varian 500 MHz or Varian 300 MHz NMR spec-
trometer. Melting points were performed on an Electrothermal
melting point apparatus and are uncorrected. Elemental
analyses were performed by the Campbell Microanalytical
Laboratory at the University of Otago.

Preparations

Complexes of 1. [Ag(1)NO3] (7). Ligand 1 (10.0 mg, 0.059
mmol) and AgNO3 (10.2 mg, 0.060 mmol) were both dissolved
in methanol and the two solutions mixed. Slow evaporation
gave colourless crystals, suitable for X-ray crystallography.
Yield 12.6 mg (63%); mp 160–161 �C (decomp.). Analysis:
calc. for C11H10N3O3Ag C 38.85, H 2.96, N 12.36; found
C 39.10, H 2.83, N 12.37%.D
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[Ag(1)]BF4 (8). To a methanol solution of 1 (10.0 mg, 0.059
mmol) was added AgBF4 (11.5 mg, 0.059 mmol) dissolved in
methanol. Slow evaporation gave a colourless crystalline solid.
Yield 12.4 mg (58%); mp 115 �C (decomp.). Analysis: calc.
for C11H10BN2F4Ag C 36.21, H 2.76, N 7.68; found C 36.63,
H 2.56, N 7.64%.

[Ag(1)2]PF6�2H2O (9�2H2O). Ligand 1 (10.0 mg, 0.059
mmol) dissolved in methanol was combined with a methanol
solution of AgPF6 (15.0 mg, 0.059 mmol). A white precipitate
formed after two days. Yield 11.1 mg (60%); mp 170 �C
(decomp.). Analysis: calc. for C22H24N4O2F6PAg C 41.99,
H 3.84, N 8.90; found C 42.32, H 3.52, N 8.52%.

[Zn(1)(NO3)2] (10). Both 1 (10.0 mg, 0.059 mmol) and
Zn(NO3)2�6H2O (17.5 mg, 0.059 mmol) were dissolved in
methanol, mixed and the resulting solution slowly evaporated
to dryness. The residue was recrystallised by vapour diffusion
of diethyl ether into an acetonitrile solution of the complex
giving a colourless crystalline solid. Yield 10.1 mg (48%);
mp >192 �C (decomp.). Analysis: calc. for C11H10N4O6Zn
C 36.74, H 2.80, N 15.58; found C 36.89, H 2.71, N 15.66%.

[Cu6(5 � H)2(5 � 2H)2(NO3)6]�8CH3CN (11�8CH3CN).
Cu(NO3)2�3H2O (14.2 mg, 0.059 mmol) dissolved in methanol
was added to a methanol solution of 1 (10.0 mg, 0.059 mmol).
Evaporation of the solution gave a blue oil that was crystallised,
by vapour diffusion of diethyl ether into an acetonitrile
solution of the complex, to give X-ray quality crystals. Yield
16.3 mg (63%); mp 110–112 �C. Analysis: calc. for C60H58-
N22O26Cu6 C 38.34, H 3.10, N 16.35, found C 40.60, H 3.25,
N 15.97%.

Complexes of 2. [Ag(2)NO3] (12). Both 2 (10.2 mg, 0.030
mmol) and AgNO3 (10.1 mg, 0.060 mmol) were dissolved in hot
acetonitrile, the solutions mixed and allowed to cool overnight.
Small colourless crystals precipitated that were suitable for X-
ray crystallography. Yield 14 mg (92%); mp 274 �C (decomp.).
Analysis: calc. for C22H18N5O3Ag C 51.99, H 3.57, N 13.78;
found C 51.42, H 3.47, N 13.54%.

[Ag2(2)2](BF4)2 (13). Ligand 2 (10 mg, 0.030 mmol) was
dissolved in methanol and AgBF4 (13 mg, 0.067 mmol) was
dissolved in hot acetonitrile, the solutions were mixed together
and left to slowly evaporate. Yield 15.6 mg (80%); mp >181 �C
(decomp.). Analysis: calc. for C44H36B3N8F12Ag3�2H2O C 40.75,
H 3.11, N 8.64; found C 40.68, H 2.97, N 8.77%. The above
precipitate was recrystallised by vapour diffusion of diethyl
ether into acetonitrile to provide colourless crystals of a [2 � 2]
dimer.

[Cu2(2)(NO3)4] (14). Both 2 (10.6 mg, 0.031 mmol) and
Cu(NO3)2�3H2O (16.0 mg, 0.066 mmol) were dissolved in
methanol, mixed and the resulting solution allowed to slowly
evaporate. Dark blue crystals formed that were suitable for X-
ray crystallography. Yield 13.0 mg (59%); mp 278 �C (decomp.).
Analysis: calc. for C22H18N8O12Cu2 C 37.03, H 2.54, N 15.70;
found C 36.82, H 2.69, N 15.42%.

[Pd2(2)Cl4] (15). PdCl2 (11.5 mg, 0.065 mmol) was dis-
solved in 2 mL of 2 M HCl and added slowly to a hot metha-
nolic solution of 2 (10.0 mg, 0.030 mmol). The resulting solution
turned yellow and a fine yellow solid precipitated. This was
collected by filtration and dried in vacuo. Yield 12.8 mg (63%);
mp > 310 �C (decomp.). Analysis: calc. for C22H18N4Cl4Pd2

C 38.13, H 2.62, N 8.08, Cl 20.46; found C 37.80, H 2.85,
N 7.49, Cl 20.26%. The complex was insoluble in common
NMR solvents.

[Zn2(2)(OAc)4]�H2O (16�H2O). Zn(OAc)2 (13.7 mg, 0.062
mmol) and 2 (10.0 mg, 0.030 mmol), were both dissolved in
methanol, the solutions combined and the resulting solution
allowed to slowly evaporate. Colourless crystals formed which
were suitable for X-ray crystal structural analysis. Yield 13 mg
(60%); mp 275 �C (decomp.). Analysis: calc. for C30H30N4-
O8Zn2�H2O C 49.81, H 4.46, N 7.75; found C 49.66, H 4.11,
N 7.65%.

Complexes of 3. [Ag(1)NO3]�H2O (17�H20). Ligand 3
(10.2 mg, 0.029 mmol) and AgNO3 (10.0 mg, 0.059 mmol) were
both dissolved in warm methanol, the solutions mixed and on
standing for several days colourless crystals formed. Yield 8.4
mg (88%); mp 171–173 �C (decomp.). Analysis: calc. for
C11H10N3O3Ag.H2O C 37.85, H 3.18, N 12.04; C 37.75, H 2.21,
N 11.77%. Recrystallisation from methanol gave larger crystals
suitable for crystal structure analysis.

[Pd(6)Cl2] (18). PdCl2 (9.6 mg, 0.059 mmol) was dissolved
in hot 2 M HCl and added dropwise to a methanol solution
of 3 (10.0 mg, 0.028 mmol). Yellow crystals, suitable for
X-ray crystallography, formed during slow evaporation of the
reaction mixture. Yield 10.3 mg (88%); mp 276 �C (decomp.).
Analysis: calc. for C12H12N2O2Cl2Pd C 36.62, H 3.07, N 7.12;
found C 36.88, H 2.77, N 7.39%. 1H NMR (DMSO-d6) δ 9.19
(d, 2H, H6), 8.46 (t, 2H, H4), 8.27 (d, 2H, H3), 8.01 (t, 2H, H4),
3.27 (s, 3H, CH3).

[Cu(5)2](NO3)2�xH2O (19 x=1; 20 x=2). Methanol solu-
tions of 3 (10.2 mg, 0.029 mmol) and Cu(NO3)2�3H2O (13.7 mg,
0.057 mmol) were mixed and left to slowly evaporate. The
blue precipitate that resulted was dissolved in acetonitrile
and vapour diffusion of diethyl ether into this solution gave a
mixture of blue (19) and purple crystals (20), which were not
separated. Both sets of crystals were suitable for X-ray crystal-
lography. Combined yield: 11.4 mg (66%); mp 246–248 �C
(decomp.) (19); 270 �C (decomp.) (20). Analysis: calc. for C22H20-
N6O10Cu�H2O C 43.61, H 2.99, N 13.87; found C 43.96, H 2.90,
N 14.17%.

Complexes of 4. [Cu2(4)(NO3)4]�2H2O (21�2H2O). Ligand
4 (5.8 mg, 0.017 mmol) and Cu(NO3)2�3H2O (8.8 mg, 0.036
mmol) were both dissolved in hot methanol and the solutions
combined. During slow evaporation of the methanol reaction
mixture, small blue crystals formed that were suitable for X-ray
crystallography. Yield 10.5 mg (83%); mp >278 �C (decomp.).
Analysis: calc. for C22H16N8O12Cu2�2H2O C 35.35, H 2.70,
N 14.99; found C 35.42, H 2.80, N 14.71%.

[Pd2(4)Cl4]�1½H2O (22�1½H2O). PdCl2 (10.5 mg,
0.059 mmol) was dissolved in 2 mL of 2 M HCl and added
slowly to a hot methanolic solution of 4 (10.0 mg, 0.030 mmol).
The solution turned yellow and a fine yellow solid precipitated
immediately. This was collected by filtration and dried in vacuo.
Yield 12 mg (56%); mp >330 �C. Analysis: calc. for C22H16N4-
Cl4Pd2�1½H2O C 36.80, H 2.67, N 7.80; found C 36.46, H 2.08,
N 7.81%. 1H NMR (DMSO-d6) δ 9.07 (d, 4H, H6), 8.17 (t, 4H,
H4), 7.54 (t, 4H, H5), 7.49 (d, 4H, H3).

[Pd2(4)(OAc)4]�3H2O (23�3H2O). Pd(OAc)2 (13.5 mg,
0.06 mmol) dissolved in acetone was added to a methanolic
solution of 4 (10.1 mg, 0.03 mmol). During slow evaporation
of the resulting solution, initially a black precipitate formed
that was removed by filtration, followed by yellow crystals that
were suitable for X-ray crystallography. Yield 11 mg (44%); mp
235–238 �C. Analysis: calc. for C30H28N4O8Pd2�3H2O C 42.93,
H 4.08, N 6.67; found C 43.20, H 4.09, N 6.75%.

[Zn2(4)(OAc)4] (24). Two colourless solutions of 4
(10.0 mg, 0.03 mmol) and Zn(OAc)2 (12.9 mg, 0.059 mmol) dis-
solved in methanol were mixed to give a white crystalline
precipitate. The precipitate was filtered off and the filtrate
allowed to slowly evaporate giving large colourless crystals,
suitable for a crystal structure determination. Yield 19 mg
(90%); mp >269 �C (decomp.). Analysis: calc. for C30H28-
N4O8Zn2 C 51.23, H 4.01, N 7.97; found C 50.92, H 3.93,
N 8.03%.

X-Ray crystallography

The crystal data, data collection and refinement parameters
are given in Tables 1 and 2. Measurements were made with a
Siemens CCD area detector using graphite monochromatised
Mo-Kα (λ = 0.71073 Å) radiation. The intensities were
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Table 1 Crystal data and X-ray experimental data for complexes 7, 11–14 and 16–20

Compound 7 11�5CH3CN 12 13 14�2CH3OH 16 17 18 19�H2O 20�2H2O

Empirical formula C11H10AgN3O3 C54H49Cu6N19O26 C22H18AgN5O3 C48H42Ag2B2F8N10 C26H34Cu2N8O16 C30H30N4O8Zn2 C11H10AgN3O3 C12H12Cl2N2O2Pd C22H22CuN6O11 C22H24CuN6O12

M 340.09 1761.36 508.28 1148.28 841.69 705.32 340.09 393.54 610.00 628.01
T/K 168(2) 168(2) 168(2) 168(2) 168(2) 168(2) 168(2) 168(2) 168(2) 158(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2/c P21/c Cc P21/c C2/c P21/c P21/c P21/n Cc P21/n
a/Å 5.477(3) 14.473(4) 15.948(6) 9.225(3) 27.086(13) 9.898(3) 9.478(3) 9.106(3) 8.000(2) 7.538(2)
b/Å 8.370(5) 24.872(7) 11.544(5) 15.448(6) 10.055(5) 7.975(3) 14.189(4) 11.784(5) 32.264(8) 12.048(3)
c/Å 12.711(7) 20.202(6) 13.420(5) 16.892(6) 14.324(7) 18.728(6) 9.136(3) 12.625(4) 9.563(2) 14.550(4)
β/� 93.762(10) 107.596(4) 121.083(5) 92.551(5) 119.938(6) 96.104(4) 110.702(4) 91.509(15) 97.962(3) 93.479(4)
V/Å3 581.5(6) 6932(3) 2116.0(14) 2404.8(15) 3380(3) 1469.8(8) 1149.3(6) 1354.2(9) 2444.5(10) 1318.9(6)
Z 2 4 4 2 4 2 4 4 4 2
Dcalc/Mg m�3) 1.942 1.688 1.596 1.586 1.654 1.594 1.966 1.930 1.657 1.581
µ/mm�1 1.737 1.901 0.987 0.891 1.344 1.690 1.757 1.762 0.969 0.903
F(000) 336 3552 1024 1152 1728 724 672 776 1252 646
Reflections collected 4893 50777 13344 27747 21145 18324 11743 9676 15172 16121
Independent reflections [R(int)] 1175 [0.0346] 14005 [0.0397] 3870 [0.0300] 4818 [0.0517] 3438 [0.0318] 2975 [0.0389] 2245 [0.0326] 2761 [0.0268] 4267 [0.0181] 2624 [0.0417]
Observed reflections [I>2σ(I )] 861 8660 3445 2844 2812 2458 1795 2233 4177 2219
Goodness-of-fit on F 2 0.978 0.876 0.936 0.926 1.034 1.055 1.045 1.044 1.037 1.124
R1 [I>2σ(I )] 0.0504 0.0293 0.0227 0.0440 0.0256 0.0289 0.0269 0.0311 0.0250 0.0421
wR2 (all data) 0.1332 0.0615 0.0407 0.1038 0.0682 0.0749 0.0635 0.0716 0.0693 0.0952
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Table 2 Crystal data and X-ray experimental data for complexes 21, 23 and 24

Compound 21�4CH3OH 23�6H2O 24

Empirical formula C26H32Cu2N8O16 C30H40N4O14Pd2 C30H32N4O10Zn2

M 839.68 893.46 739.34
T/K 168(2) 168(2) 168(2)
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c C2/c P1̄
a/Å 27.587(16) 19.644(8) 8.435(2)
b/Å 10.068(6) 15.938(6) 8.818(2)
c/Å 14.049(8) 14.847(6) 10.670(3)
α/� 90 90 78.723(3)
β/� 119.649(8) 125.925(5) 82.103(3)
γ/� 90 90 88.974(3)
V/Å3 3391(3) 3764(3) 771.0(3)
Z 4 4 1
Dcalc/Mg m�3) 1.645 1.577 1.592
µ/mm�1 1.339 1.023 1.620
F(000) 1720 1808 380
Reflections collected 8673 12495 9413
Independent reflections [R(int)] 2207 [0.1156] 3285 [0.0267] 3050 [0.0192]
Observed reflections [I>2σ(I )] 1308 2908 2831
Goodness-of-fit on F 2 1.076 1.079 1.081
R1 [I>2σ(I )] 0.0594 0.0230 0.0286
wR2 (all data) 0.1760 0.0634 0.0763

corrected for Lorentz and polarisation effects and for absorp-
tion.13 The space groups were determined from systematic
absences and checked for higher symmetry. The structures were
solved by direct methods using SHELXS,14 and refined on F 2

using all data by full-matrix least-squares procedures using
SHELXL-97.15 All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were
included in calculated positions with isotopic displacement
parameters 1.2 times the isotropic equivalent of their carrier
carbon atoms. The functions minimised were Σw(Fo

2 � Fc
2),

with w = [σ2(Fo
2) � aP2 � bP]�1, where P = [max(Fo)2 � 2Fc

2]/3.
CCDC reference numbers 216634–216646.
See http://www.rsc.org/suppdata/dt/b3/b309479k/ for crystal-

lographic data in CIF or other electronic format.

Results

Complex syntheses

The preparations of complexes with AgNO3, Cu(NO3)2,
Pd(OAc)2 and Zn(X)2 (X = NO3

�, OAc�) were generally carried
out in either methanol or acetonitrile, to give air stable crystal-
line solids by simply standing or following slow evaporation
of the solvent. The PdCl2 complexes were synthesised in 2 M
HCl and, on formation, these precipitated as yellow solids.
Microanalysis was used to determine the stoichiometry and
where possible, the complexes were studied by 1H NMR
spectroscopy and X-ray crystallography.

Compound 1 was expected to act primarily as a chelating
ligand, as previously encountered in several structurally charac-
terised complexes, and not as a bridging ligand (Scheme 1a). To
further study the coordination chemistry of 1 it was reacted
with a range of metal salts not previously investigated. Com-
plexes of three different silver salts with both coordinating
and non-coordinating anions were studied, as were the copper
and zinc nitrate complexes. All these complexes serve as models
for the study of complexes of the structurally related bridging
ligands, 2, 3 and 4.

Reaction of 1 with AgNO3 in a 1 : 1 stoichiometry provided
colourless crystals of [Ag(1)NO3] (7) in 63% yield, which ana-
lysed with the anticipated 1 : 1 metal–ligand ratio (Scheme 2).
These crystals were suitable for X-ray crystallography and were
studied to ascertain whether 1 was functioning as a bridging
or chelating ligand. As described below the ligand (1) was found
to act in a bridging mode in this complex. With a labile metal
such as silver, the stoichiometry and reaction conditions can

strongly influence the type of structure obtained. To probe the
effect the anion has on the structure of the AgNO3 complex,
1 was also reacted in a 1 : 1 stoichiometry with both AgBF4

and AgPF6. The former complex, [Ag(1)]BF4 (8), has the same
metal : ligand ratio, and potentially the same structure as (7),
while the latter complex, [Ag(1)2](PF6)�2H2O (9�2H2O), has an
entirely different stoichiometry. These complexes were obtained
in 58% and 60% yields, respectively. Unfortunately, no crystals
were obtained that were suitable for X-ray crystallography,
despite several attempts at recrystallising these complexes.
A zinc complex, [Zn(1)(NO3)2] (10), was prepared by reacting
a 1 : 1 mixture of Zn(NO3)2 and 1 in methanol and isolated as a
colourless solid in 48% yield.

A copper nitrate complex, [Cu6(5 � H)2(5 � 2H)2(NO3)6]�
5CH3CN (11�5CH3CN), was obtained in 63% yield by reaction
of Cu(NO3)2 with 1, but did not provide satisfactory elemental
analysis for the expected 1 : 1 metal–ligand complex. Fortu-
nately, blue crystals were obtained of 11 that partially explained
some of the difficulties with the elemental analysis. The ligand,

Scheme 1
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1, had undergone oxidation and hydration in the presence of
the copper to give di-2-pyridylmethanediol (5) (Fig. 1).

Ligand 2 was investigated from a number of standpoints.
In contrast to ligand 4, the ethane ligand has sp3-hybridised
carbon atoms in the backbone and dinuclear complexes of
this ligand were prepared to provide a comparison for com-
plexes of 4. Ligand 2 could chelate through the vicinally sub-
stituted pyridine rings, forming 7-membered chelate rings.
More probably it would be expected to coordinate through
the geminally substituted pyridine rings (Scheme 1b), thereby
forming 6-membered chelate rings.

AgNO3 was reacted with 2 to give a complex, in 92% yield,
with the composition [Ag(2)NO3] (12), as shown by elemental
analysis. An X-ray structure determination supported this
composition, confirming a 1 : 1 metal–ligand ratio, despite
the reaction being carried out with a 2 : 1 stoichiometry. To
investigate the effect of the anion on the formation of this
silver complex, ligand 2 was reacted with a different silver salt,

Scheme 2

namely AgBF4. This provided a second silver complex, [Ag2-
(2)2](BF4)2 (13), also with a 1 : 1 metal–ligand ratio.

To demonstrate that ligand 2 could also form discrete di-
nuclear complexes it was reacted with Cu(NO3)2 in a metal–
ligand ratio of 2 : 1. On standing, dark blue crystals (14) were
obtained in 59% yield, which analysed with the desired com-
position of [Cu2(2)(NO3)4] by elemental analysis. To further
investigate the coordination chemistry of 2, it was reacted
with PdCl2, but the complex, [Pd2(2)Cl4] (15), was insoluble in
common NMR solvents and could not be examined by NMR
spectroscopy. This insolubility also prevented recrystallisation
of the complex, which was found to have the desired com-
position by elemental analysis. Like the corresponding
Pd(OAc)2 complex of 2, which was prepared by Canty and
Minchin,7 the complex would be expected to show a square
planar geometry at each palladium centre. A zinc complex
was prepared by reaction of Zn(OAc)2 with 2 in a 2 : 1 stoichio-
metry. Slow evaporation of the methanol reaction mixture
gave colourless crystals (16), analyzing as [Zn2(2)(OAc)4]�H2O,
which were suitable for X-ray crystallography.

The ditopic ligand 3 has a number of different potential
coordination modes. It possesses two different metal binding
domains; one bidentate, like ligand 2, and the other potentially
tridentate with two pyridine nitrogen donors and the oxygen of
the alcohol as possible donor atoms (Scheme 1c). To investigate
the various coordination modes, several complexes were
prepared by reaction of 3 with copper, silver, palladium and
ruthenium precursors.

Reaction of 3 with AgNO3 furnished colourless crystals (17),
with the composition [Ag(1)NO3]�H2O determined by micro-
analysis. X-Ray crystallography was used to confirm that the
complex contained 1 and not the original ligand 3. The crystal
structure of this complex, which is discussed below, revealed
an interesting feature of 3 concerning its stability. During the
synthesis of this complex, 3 undergoes a retro-Knoevenagel
reaction to form 1 and di-2-pyridylketone. Aside from the
decomposition of 3, the crystal structure shows 1 again acting
as a bridging, as opposed to a chelating, ligand. 1H NMR
spectroscopy on the bulk sample from the above reaction con-
firmed the decomposition of 3 and revealed a mixture of
two components; one corresponding to 1 and the second to
di-2-pyridylketone.

In an effort to prevent the decomposition of 3, which is stable
enough to dehydrate in the preparation of ligand 4,10 a pal-
ladium complex was prepared under weakly acidic conditions.
Yellow crystals were obtained in 88% yield by concentrating
the reaction mixture, and studied by X-ray crystallography.
The structure of this palladium complex, [Pd(6)Cl2] (18),
revealed a further unexpected twist. This time, while the ligand
had again decomposed, the structure was that of the hemi-
acetal of di-2-pyridylketone (6) coordinated to a palladium
centre.

A similar decomposition was also noted during the synthesis
of a copper nitrate complex and in the formation of a
ruthenium complex of 3. Reaction of copper nitrate with 3,
followed by recrystallisation, gave a mixture of blue (19) and
purple (20) crystals. These were shown to have a similar com-
position by X-ray crystallography, viz. [Cu(5)2](NO3)2�xH2O
(where 5 is di-2-pyridylmethanediol and x = 1 or 2).

Having investigated the coordination chemistry of ligands
2 and 3, which have a carbon–carbon single bond connecting
the chelating units of the ligand, the focus was shifted to
complexes of the conjugated analogue, 4. Unlike the previous
bridging ligands, reacting 4 with a variety of silver salts did
not provide any complexes suitable for full characterisation.
Reaction of Cu(NO3)2 with 4 in methanol gave small blue
crystals in 83% yield, which analysed as [Cu2(4)(NO3)4]�2H2O.
The structure of this complex (21) was determined by X-ray
crystallography.

When ligand 4 was reacted with PdCl2 in a 1 : 2 ligand–metal
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stoichiometry, the complex that was isolated, [Pd2(4)Cl4]�
1½H2O (22�1½H2O), was soluble in DMSO. A 1H NMR
spectrum was obtained, consistent with the expected dinuclear
complex. The coordination induced shift (CIS) values for this
are shown in Table 3, and these show a downfield shift for all
the protons of the ligand, as is typical for such complexes. A
palladium acetate complex (23) was also prepared and crystals
of this were obtained by evaporation of the acetone–methanol
reaction mixture allowing the X-ray crystal structure of this
complex to be determined. These crystals analysed with the
composition [Pd2(4)(OAc)4]�3H2O by elemental analysis.
Reaction of 4 with Zn(OAc)2, also in a 1 : 2 stoichiometry,
produced a complex (24) that analyses as [Zn2(4)(OAc)4] by
elemental analysis. These crystals were also suitable for crystal
structure analysis.

X-Ray crystallography of complexes of ligand 1

Structures of [Ag(1)NO3] (7) and [Ag(1)NO3] (17). Two dif-
ferent polymorphs of a 1-D coordination polymer composed of
AgNO3 and 1 were prepared by reaction of AgNO3 with either
1 or 3 (which decomposes to give 1 in situ). When directly pre-
pared from 1, colourless crystals of 7, which crystallises in
the monoclinic space group P2/c with one half of a ligand
molecule, half a silver atom and half a nitrate anion in the
asymmetric unit, were obtained directly from the reaction
mixture. Reaction of 3 with AgNO3 led to decomposition of
the ligand as described above, and in contrast to 7, this second
polymorph (17) crystallises in the monoclinic space group P21/c
with the asymmetric unit containing one complete molecule of
1, one silver atom and one nitrate anion. Complex 17 possesses
a slightly different conformation of the ligand and different
packing interactions. The coordination mode of ligand 1 in the
structures of 7 and 17 involves its unexpected bridging between
two metal centres.

A perspective view of the extended structure of complex 7,
shown in Fig. 2 with selected atomic labelling, confirms the
complex is a one-dimensional coordination polymer. One two-
fold rotation axis passes through the silver nitrate and another
through the methylene carbon of the ligand. The geometry of
the silver atom is almost linear, but it makes two weak contacts
with the oxygen atoms of the weakly coordinating nitrate anion
with a Ag–O distance of 2.630(5) Å. A consideration of the
packing reveals that there are very weak π–π stacking inter-
actions (3.740(9) Å) between the pyridine rings of adjacent
coordination polymers. As noted earlier, there are no previous
examples of structurally characterised complexes where di-2-
pyridylmethane bridges between two metal centres and there-
fore, the complexes characterised here are the first examples of
such a coordination mode for 1.

Fig. 2 A perspective view of the one-dimensional coordination
polymer (7), formed from silver nitrate and 1. Selected bond length (Å)
and angle (�): Ag(1)–N(11) 2.235(5); N(11A)–Ag(1)–N(11) 162.9(2).

Table 3 1H NMR chemical shifts and CIS values for 22

H6 H5 H4 H3

4 8.49 7.25 7.63 7.02
22 9.07 7.75 8.17 7.49
CIS a 0.58 0.50 0.54 0.47

a CIS = δcomplex � δligand. 

In the polymorph 17 the Ag–N bond lengths and angles
about the silver atom are 2.183(2) and 2.184(2) Å with an angle
between the two pyridine donors of 164.46(9)�. These bond
distances and angles are similar to those found in the previous
complex. The silver also makes very weak Ag–O interactions
with two different nitrate anions, which act as weak bridges
between the polymer chains. The Ag–O distances range from
2.713(3) to 2.908(4) Å. These are considerably longer than the
Ag–O bond distances for the polymorph 7.

Structure of [Cu6(5�H)2(5�2H)2(NO3)6]�5CH3CN
(11�5CH3CN). Having observed a bridging mode for 1 in com-
plexes 7 and 17, another unexpected observation was noted
when 1 was reacted with Cu(NO3)2. Crystals of this complex
were obtained by vapour diffusion of diethyl ether into an
acetonitrile solution of the complex and studied by X-ray
crystallography. This revealed that the original ligand had
undergone oxidation, in the presence of the copper ions,
to give di-2-pyridylmethanediol (5, see Fig. 1) which was
incorporated into the complex. The complex (11) crystallises in
the monoclinic space group P21/c, with a complete M6L4 cluster
and five acetonitrile molecules in the asymmetric unit. This
M6L4 cluster is constructed from two different M2L2 com-
ponents, orientated at 90� relative to each other, and two
additional capping copper atoms. The asymmetric unit of the
complex, excluding hydrogen atoms and solvate molecules,
is shown in Fig. 3.

There are three distinct coordination environments for the
copper atoms in this structure. Excluding the copper–copper
interaction, Cu(1) and Cu(2) both have trigonal-bipyramidal
geometry, with coordination by two pyridine nitrogen atoms
and three deprotonated µ2-bridging oxygen atoms of the ligand.
Two of the µ2-bridging oxygen atoms bridge only across the
Cu(1)–Cu(2) dimer, while a third bridges between these copper
atoms and one of the capping copper atoms (Cu(5) and Cu(6)).
The latter oxygen atoms are two of the links holding the two
dimeric units together. The coordination geometry of both
Cu(3) and Cu(4) is square-pyramidal when the copper–copper
interaction is excluded. In this copper dimer, both copper atoms
are coordinated in the basal plane by two µ2-bridging oxygen
atoms, a pyridine nitrogen and a monodentate nitrate anion.
The µ2-bridging oxygen atoms of the other [i.e. Cu(1)–Cu(2)]
dimer make weak contacts (2.472(6) and 2.476(6) Å) to the
axial coordination sites of Cu(3) and Cu(4) (see Fig. 3). Cu(5)
and Cu(6) both possess Jahn–Teller distorted octahedral
coordination geometries with typical Cu–N and Cu–O bond
lengths to the atoms in the square plane. Both copper atoms
make two longer axial contacts, with Cu–O distances ranging

Fig. 3 The M6L4 cluster 11�5CH3CN formed by reaction of 1 and
copper nitrate. Selected metal–metal distances (Å): Cu(1)–Cu(2)
2.928(1), Cu(3)–Cu(4) 3.015(1), Cu(1)–Cu(6) 3.440(1), Cu(2)–Cu(5)
3.471(1).
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between 2.484(6) and 2.559(7) Å, to the second oxygen
atoms of the coordinated nitrate anions (bonds not shown in
Fig. 3).

The geometry of the M2L2 dimer between Cu(1) and Cu(2),
which adopts a puckered butterfly conformation, is shown in
Fig. 4(a), while the other M2L2 copper dimer, involving Cu(3)
and Cu(4), is almost planar (Fig. 4(b)). The metal–metal
distances in these two dimers are 2.928(1) and 3.015(1) Å
respectively, a value typical for such interactions.16 These
Cu2O2 squares are part of a larger family of Cu2X2 squares,
where X is a range of monatomic bridges, and have been the
subject of an exhaustive review.16 Cu2X2 squares like the ones
observed here are of interest from a number of perspectives,
but in particular in the context of magnetic behaviour of such
complexes.16

An interesting aspect of this structure, mentioned above, is
that 1 has undergone oxidation to produce both the singly and
doubly deprotonated forms of di-2-pyridylmethanediol. The
two molecules of 5 bridging Cu(1) and Cu(2) are present as the
singly deprotonated form, while the two molecules bridging
Cu(3) and Cu(4) are doubly deprotonated. Compound 1 is
relatively stable in the presence of acids and bases, but has been
shown to react with di-2-pyridylketone in the presence of
copper ions by other workers.11 When Cu(ClO4)2 was reacted
with a mixture of di-2-pyridylketone and 1, the formation of
a copper complex of ligand 4 was observed after short periods
of reaction at room temperature. Subsequently, after longer
reaction times at elevated temperature, the formation of a
copper complex of 3 was observed.12

Fig. 4 A perspective view of (a) the butterfly shaped M2L2 copper
dimer involving Cu(1) and Cu(2) and (b) the planar M2L2 copper dimer
involving Cu(3) and Cu(4) in complex 11�5CH3CN.

X-Ray crystallography of complexes of ligand 2

Structure of [Ag(2)NO3] (12). Elemental analysis had indi-
cated a 1 : 1 silver–ligand ratio for complex 12, suggesting the
possibility of a bridging coordination mode for ligand 2.
The complex crystallises in the monoclinic space group Cc,
with an asymmetric unit containing one molecule of 2, a silver
atom and a nitrate anion. A perspective view of the extended
coordination polymer is shown in Fig. 5 with selected atom
labelling and showing that 2 employs all four potential donor
atoms in this complex. The geometry of the silver atom is dis-
torted trigonal-bipyramidal, with coordination by four pyridine
rings of two crystallographically related ligand molecules and

an oxygen atom of the nitrate anion. The nitrate anion makes
another long contact with the silver atom, and hence the
geometry could be described as highly distorted octahedral.
The silver–nitrogen distances range from 2.312(4)–2.635(3) Å,
while the nitrate oxygen atoms are slightly further distant at
2.672(3) and 2.786(3) Å; the latter distance to O(12), represents
a very long and weak interaction. The Ag–N bonds to the
pyridine nitrogen atoms N(21) and N(41A) in the trigonal plane
are longer than the bonds to the nitrogen atoms of the pyridine
rings in the axial coordination sites. The silver–silver distance in
this complex is 6.835(1) Å.

While the complex demonstrates the potential of 2 for a
number of bimetallic complexes, the extended structure of 12
is an interesting one-dimensional coordination polymer. The
polymer is helical and extends along the crystallographic c-axis
of the unit cell. The nitrate anion alternates on opposite
sides of the coordination polymer at each silver atom, while the
ligand twists by approximately 90� at each repeat. No signifi-
cant interactions occur between the different coordination
polymer chains in the crystal with only weak interactions by the
non-coordinated oxygen atom of the nitrate anions with the
pyridine hydrogen atoms of adjacent polymer chains.

Structure of [Ag2(2)2](BF4)2�2CH3CN (13�2CH3CN). As was
mentioned above, the choice of anion often plays a pivotal role
in the solid-state structure of silver complexes and, thus, despite
having the same stoichiometry as 12, an X-ray crystal structure
determination was undertaken on complex 13. This revealed
that complex 13 does indeed have a different structure to 12. It
crystallises in the space group P21/c, with one ligand molecule,
one disordered silver atom, a tetrafluoroborate counterion and
an acetonitrile solvate molecule in the asymmetric unit. The
overall structure of 13 is a [2 � 2]-dimetallomacrocycle, as
shown in Fig. 6.

Each silver atom is trigonal-planar with coordination by one
pyridine ring of one ligand and chelation by two pyridine rings
of the second ligand molecule. The bond distances are 2.302(2)
and 2.344(3) Å for the chelating pyridine rings, and slightly
shorter (2.266(3) Å) for the monodentate pyridine donor
(N(41A)) of the other ligand. The geometry of the silver atom

Fig. 5 A perspective view of the structure of a section of the polymer
12. Selected bond distances (Å) and angles (�): Ag(1)–N(11) 2.312(4),
Ag(1)–N(21) 2.635(3), Ag(1)–N(31A) 2.343(4), Ag(1)–N(41A) 2.469(3),
Ag(1)–O(11) 2.671(3); N(11)–Ag(1)–N(31A) 170.04(12), N(11)–Ag(1)–
N(41A) 96.59(10), N(31A)–Ag(1)–N(41A) 84.62(10), N(11)–Ag(1)–
N(21) 84.44(10), N(31A)–Ag(1)–N(21) 85.92(10), N(41A)–Ag(1)–
N(21) 82.44(8).
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is distorted away from trigonal-planar because the angle
between the chelating pyridine rings is acute, and consequently,
this enlarges the angle between N(11) and N(41A). In each
component of the structure one of the pyridine ring nitrogen
atoms is not involved in coordination to the silver atoms, and
the ligand can therefore be described as hypodentate.

The silver atom is disordered over two sites, as indicated in
Fig. 6, with a 7 : 3 ratio of site occupancies. The silver–silver
distance in this complex is 3.893(1) Å, and because of the
nature of the complex, considerably shorter than that in com-
plex 12. The discrete [2 � 2]-dimetallomacrocyclic complexes
pack in the crystal with no significant interactions between the
individual [2 � 2] complexes. There are weak contacts with the
tetrafluoroborate anions, which are located in the voids
between the [2 � 2]-dimetallomacrocycles.

Structure of [Cu2(2)(NO3)4(CH3OH)2]�2CH3OH
(14�2CH3OH). Complex 14 crystallises in the monoclinic space
group C2/c, with four molecules of 14 in the unit cell. The
asymmetric unit consists of one metal atom, half the bridging
ligand, one coordinated methanol molecule, two coordinated
nitrate anions and one non-coordinated methanol solvate
molecule, with the latter three units each disordered over
two sites. A perspective view of 14 is shown in Fig. 7, with the

Fig. 6 A perspective view of complex 13 shows the two positions of
the silver atom. The dashed bonds and atoms show the minor
component of the structure. Selected bond distances (Å) and angles (�):
Ag(1)–N(41A) 2.266(3), Ag(1)–N(11) 2.302(2), Ag(1)–N(21) 2.344(3),
N(41A)–Ag(1)–N(11) 150.62(10); N(41A)–Ag(1)–N(21) 122.62(11),
N(11)–Ag(1)–N(21) 85.87(10).

Fig. 7 A perspective view of the dinuclear copper complex 14.
Selected bond lengths (Å) and angles (�): Cu(1)–N(1�) 1.992(2), Cu(1)–
N(1�) 2.000(2), Cu(1)–O(21) 2.006(15), Cu(1)–O(11) 1.967(8), Cu(1)–
O(31) 2.269(2); O(11)–Cu(1)–N(1�) 175.0(4), O(11)–Cu(1)–N(1�)
96.7(3), N(1�)–Cu(1)–N(1�) 88.32(7), O(11)–Cu(1)–O(21) 87.3(7),
N(1�)–Cu(1)–O(21) 87.7(6), N(1�)–Cu(1)–O(21) 175.6(6), O(11)–
Cu(1)–O(31) 78.7(3), N(1�)–Cu(1)–O(31) 99.97(7), N(1�)–Cu(1)–O(31)
96.82(7), O(21)–Cu(1)–O(31) 82.1(5).

non-coordinated solvate molecules and the disorder of the
nitrate anions omitted for clarity. The copper atoms have a
square-pyramidal geometry (τ value of 0.01) 17 with the co-
ordinated methanol solvate molecule occupying the apical
coordination position. The Cu–N distances are typical
(1.992(2) and 2.000(2) Å), as are the Cu–O bond distances to
the monodentate nitrate anions, while the methanol solvate
molecule is coordinated at a longer distance of 2.269(2) Å. The
copper–copper distance is 6.698(1) Å, similar to that in the
previous silver nitrate complex, 12.

Structure of [Zn2(2)(OAc)4] (16). A second discrete dinuclear
complex of ligand 2 was obtained by reaction with zinc acetate.
Complex 16 crystallises in the monoclinic space group P21/c
with Z = 2. The asymmetric unit contains one zinc atom, half
the bridging ligand and two monodentate acetate anions.
The zinc atom has tetrahedral geometry, with chelation by the
ligand to give a 6-membered chelate ring, in a boat conform-
ation, characteristic of complexes where this ligand chelates
to a metal centre. A perspective view of 16 is shown in Fig. 8,
with selected bond lengths and angles given in the caption. The
oxygen atoms of the acetate anions are held closer to the zinc,
with bond lengths of 1.946(2) and 1.974(2) Å, than the pyridine
nitrogen donors (2.094(2) and 2.119(2) Å). The geometry of the
zinc atom is distorted away from a strict tetrahedral geometry
by the chelation to 2 with the bond angle for N(21)–Zn–N(11)
of 89.57(7)�. The zinc–zinc distance in 16 is 6.571(1) Å, a value
that is very similar to the corresponding distance in complex 14
(6.698(1) Å).

X-Ray crystallography of complexes of ligand 3

Structure of [Pd(6)Cl2] (18). As discovered by X-ray crystal-
lography, during the synthesis of complex 17, ligand 3 under-
went decomposition. Similar behaviour was observed for
complex 18, with the structure of complex 18 shown in Fig. 9.
Unfortunately, the acidic conditions of the reaction did not
prevent decomposition of 3 as was intended. 1H NMR spectro-
scopy on the bulk sample from this reaction revealed a mixture
of two components corresponding to decomposition of the
original ligand. Compound 3 probably decomposed to give
a mixture of 1 and di-2-pyridylketone, the latter of which, on
coordination to a metal atom, is susceptible to nucleophilic
attack by methanol.18

The palladium atom is square planar with bond lengths and
angles typical for such a complex. The oxygen of the methoxy
group of the hemiacetal interacts very weakly (2.755(5) Å)
with the palladium atom. Complexes of this ligand, 6, prepared
directly by solvolysis of di-2-pyridylketone, have previously
been characterised by X-ray crystallography with cobalt,19

Fig. 8 A perspective view of complex 16 with the hydrogen atoms
omitted for clarity. Selected bond lengths (Å) and angles (�): Zn–N(21)
2.094(2), Zn–N(11) 2.119(2), Zn–O(30) 1.946(2), Zn–O(40) 1.974(2);
O(30)–Zn–O(40) 123.91(8), O(30)–Zn–N(21) 98.20(8), O(40)–Zn–
N(21) 121.04(7), O(30)–Zn–N(11) 122.66(8), O(40)–Zn–N(11) 97.85(7),
N(21)–Zn–N(11) 89.57(7).

4512 D a l t o n  T r a n s . , 2 0 0 3 ,  4 5 0 5 – 4 5 1 5



copper,18,20 zinc 21 and palladium,22 the latter in the form of a
square planar palladium trifluoroacetate complex. In these
complexes the interaction with the methoxy oxygen is more
significant with M–O distances between 2.371 Å (M = Zn)
and 2.614 Å (M = Cu), reflective of the fact that palladium
forms very stable square planar complexes. No unusually short
intermolecular contacts are present in the structure.

Crystal structures of [Cu(5)2](NO3)2�xH2O (19 x�1; 20
x� 2). Two different crystalline products were isolated from
the reaction of copper nitrate with 3; blue crystals (19) and
purple crystals (20). When crystal structure determinations were
undertaken on both sets of crystals it was discovered that the
crystals had almost identical compositions. In both cases the
ligand, 3, had been hydrolysed to di-2-pyridylmethanediol (5)
in the presence of the copper and a Jahn–Teller distorted octa-
hedral complex, [Cu(5)2](NO3)2�xH2O, of this decomposition
product had formed. Perspective views of both structures are
shown in Fig. 10 and 11, with selected bond lengths and angles
for comparison.

The dihydrate complex, 20, which has one additional water
molecule than 19 in the structure, crystallises in the space group
P21/n and has previously been reported.23 It will be briefly
described to provide a comparison with the second complex,
the monohydrate form, 19. The asymmetric unit comprises
one molecule of 5 in its neutral form, half a copper atom, one

Fig. 9 A perspective view of the decomposition product, 18, formed
by reacting palladium chloride with 3. Selected bond lengths (Å) and
angles (�): Pd(1)–N(11) 2.028(3), Pd(1)–N(21) 2.044(3), Pd(1)–Cl(2)
2.2891(11), Pd(1)–Cl(1) 2.2953(12); N(11)–Pd(1)–N(21) 86.44(12),
N(11)–Pd(1)–Cl(2) 176.91(8), N(21)–Pd(1)–Cl(2) 90.89(9), N(11)–
Pd(1)–Cl(1) 91.29(9), N(21)–Pd(1)–Cl(1) 177.74(8), Cl(2)–Pd(1)–Cl(1)
91.37(4).

Fig. 10 A perspective view of the purple coloured form 20�2H2O.
Selected bond lengths (Å) and angles (�): Cu(1)–N(11) 1.992(1), Cu(1)–
N(21) 2.048(2), Cu(1)–O(1) 2.477(4); N(11A)–Cu(1)–N(11) 180.0,
N(11A)–Cu(1)–N(21) 91.59(7), N(11)–Cu(1)–N(21) 88.41(7), N(11)–
Cu(1)–O(1) 73.2(7), N(21)–Cu(1)–O(1) 74.4(7), N(11A)–Cu(1)–O(1)
106.8(9), N(21A)–Cu(1)–O(1) 105.6(9), O(1A)–Cu(1)–O(1) 180.0.

nitrate anion and one hydrogen bonded water molecule. The
copper atom lies on a centre of inversion and has a distorted
octahedral geometry with Jahn–Teller elongation of the weak
axial Cu–O bonds. The Cu–N bond lengths of the copper atom
in complex 20 are 1.992(1) and 2.048(2) Å, while the Cu–O
distance is 2.477(4) Å, which represents a weak bond. An intri-
cate hydrogen-bonding network connects the symmetry-related
non-coordinated water molecules and nitrate anions to the
complex. These water molecules hydrogen bond to O(2) or
O(2A) of the ligand, while the two symmetry-related nitrate
anions are hydrogen bonded to O(1) or O(1A). The O � � � O
distance for the former two hydrogen bonds is 2.700(8) Å, while
for the latter two hydrogen-bonding interactions it is 2.724(8) Å.

The monohydrate complex 19 crystallises in the space group
Cc, with one full ML2 complex, two non-coordinated nitrate
anions and one hydrogen bonded water molecule in the asym-
metric unit. The Cu–N bond lengths are fairly similar in both
complexes, but by contrast to complex 20, the Cu–O bond
lengths in the blue crystals, complex 19, are considerably
shorter at 2.323(2) and 2.394(2) Å.

In each complex, the nitrate anions and water molecules
participate in an intricate hydrogen-bonding network that sur-
rounds the complex, suggesting the possibility of some form
of outer-sphere control of the Jahn–Teller distortion in the
solid state. Other closely related copper complexes have been
described with different anions and solvate molecules that
have a range of different bond lengths to the apical hydroxyl
groups of ligand 5.23,24 These M–O distances range from 2.352
to 2.467 Å.

Unfortunately, we observed no examples of ligand 3 acting as
a bridging ligand in coordination complexes. In all examples, it
is likely that 3 has undergone decomposition to initially give a
mixture of di-2-pyridylketone and 1, as described above. Di-2-
pyridylketone, its hydrated forms and solvolysis products have
been well investigated and many reports of the coordination
chemistry of these derivatives described. This is because the
ketone is activated in the presence of coordinated metal ions 25

and readily forms several solvated derivatives. This decom-
position product, 5, was also observed in the formation of the
M6L4 complex (11), described above.

X-Ray crystallography of complexes of ligand 4

Structure of [Cu2(4)(NO3)4]�4CH3OH (21�4CH3OH). A
crystal structure analysis undertaken on complex 21 revealed
the crystals to have almost identical cell dimensions to those
obtained for 14. These two complexes are therefore isomor-
phous, but not isostructural; the structures differ in the geometry

Fig. 11 A perspective view of the blue coloured form 19�H2O, with
hydrogen atoms omitted for clarity. Selected bond lengths (Å) and
angles (�): Cu(1)–N(11) 2.014(2), Cu(1)–N(41) 2.015(2), Cu(1)–N(21)
2.029(2), Cu(1)–N(51) 2.033(2), Cu(1)–O(32) 2.323(2), Cu(1)–O(2)
2.394(2); N(11)–Cu(1)–N(41) 90.15(8), N(11)–Cu(1)–N(21) 87.42(8),
N(41)–Cu(1)–N(21) 173.59(8), N(11)–Cu(1)–N(51) 174.38(8), N(41)–
Cu(1)–N(51) 87.70(9), N(21)–Cu(1)–N(51) 95.24(8), N(11)–Cu(1)–
O(32) 98.19(7), N(41)–Cu(1)–O(32) 75.29(7), N(21)–Cu(1)–O(32)
110.93(8), N(51)–Cu(1)–O(32) 76.25(7), N(11)–Cu(1)–O(2) 75.09(7),
N(41)–Cu(1)–O(2) 98.37(7), N(21)–Cu(1)–O(2) 75.27(7), N(51)–Cu(1)–
O(2) 110.36(7), O(32)–Cu(1)–O(2) 170.93(7).
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of the two carbon linker moieties and in the absence of the
ethane hydrogen atoms. A perspective view of the structure is
shown for comparison in Fig. 12, with the hydrogen atoms and
the non-coordinated methanol solvate molecules omitted for
clarity. The copper atom has almost identical bond lengths and
angles to the previously described copper complex with ligand
2, and the τ value for 21 is 0.02, indicating that the coordination
geometry is very similar to the previous complex 14. Due to the
greater rigidity of the ligand core and the similar anti arrange-
ment of the metal atoms, the metal–metal distance between the
two copper atoms is 7.094(1) Å, which is longer than the corre-
sponding distance for 14 (6.698(1) Å).

A related dinuclear copper perchlorate complex of this
ligand has been reported with a hydroxide ligand also bridging
the two copper atoms.11 This was prepared, as noted earlier, by
reaction of copper perchlorate, 1 and di-2-pyridylketone. The
Cu–Cu distance (3.663(3) Å) is considerably shorter than that
in 21 because of the µ2-hydroxide bridge between the copper
centres, which enforces a syn arrangement of the two copper
centres.

Structure of [Pd2(4)(OAc)4]�6H2O (23). Complex 23 is also
a dinuclear complex of ligand 4, as suggested by elemental
analysis. It crystallises in the monoclinic space group C2/c, with
four molecules in the unit cell. The asymmetric unit contains
one palladium atom, half the ligand, two coordinated acetate
anions and three water molecules. A perspective view of the
structure is shown in Fig. 13. As expected the palladium centre

Fig. 12 A perspective view of 21 with the hydrogen atoms and the
non-coordinated methanol solvate molecules omitted for clarity.
Selected bond lengths (Å) and angles (�): Cu(1)–O(21) 1.978(6), Cu(1)–
N(21) 1.977(7), Cu(1)–O(11) 1.995(6), Cu(1)–N(11) 2.003(7), Cu(1)–
O(30) 2.271(6); O(21)–Cu(1)–N(21) 176.3(3), O(21)–Cu(1)–O(11)
88.3(3), N(21)–Cu(1)–O(11) 89.7(3), O(21)–Cu(1)–N(11) 93.7(3),
N(21)–Cu(1)–N(11) 88.3(3), O(11)–Cu(1)–N(11) 178.0(3), O(21)–
Cu(1)–O(30) 82.9(2), N(21)–Cu(1)–O(30) 99.9(3), O(11)–Cu(1)–O(30)
85.3(2), N(11)–Cu(1)–O(30) 95.5(3).

Fig. 13 A perspective view of complex 23, with hydrogen atoms and
solvated water omitted for clarity. Selected bond lengths (Å) and angles
(�): Pd(1)–O(30) 2.016(4), Pd(1)–N(21) 2.017(4), Pd(1)–N(11) 2.024(4),
Pd(1)–O(40) 2.028(4); O(30)–Pd(1)–N(21) 91.20(15), O(30)–Pd(1)–
N(11) 178.14(14), N(21)–Pd(1)–N(11) 89.70(15), O(30)–Pd(1)–O(40)
87.45(14), N(21)–Pd(1)–O(40) 176.61(13), N(11)–Pd(1)–O(40)
91.57(14).

is square planar, with bond distances typical for such com-
plexes. The Pd–N and Pd–O bond lengths are between 2.015(4)
and 2.028(4) Å. The Pd–Pd distance is 7.002(1) Å, consistent
with other complexes bridged only by this ligand.

Like the other complexes of ligand 4, the ethene bridge is
planar, and the pyridine rings of the ligand twist significantly
out of the plane of the ethene backbone to coordinate
and minimise steric hindrance between the H3 protons of the
pyridine rings. When viewed down the crystallographic c-axis
the discrete complexes stack one-on-top-another, and the water
solvate molecules and acetate anions participate in an intricate
hydrogen-bonding network within the columnar channels
formed by molecules of the complex. Specifically, six water
solvate molecules form a cyclic hexagonal, hydrogen-bonded
ring within this column. This interesting ‘ring of ice’ 26 connects
to the complex via hydrogen bonds with the oxygen atoms of
the acetate anions.

Structure of [Zn2(4)(OAc)4(H2O)2] (24). The structure of
complex 24 was determined using X-ray crystallography, and
confirmed that this complex was also dinuclear, with the ligand
chelating to two zinc atoms. The asymmetric unit contains one
zinc atom, one half of the bridging ligand molecule, two acetate
counterions and a coordinated water molecule. A perspective
view of the complex, which crystallises in the triclinic space
group P1̄, is shown in Fig. 14 with the hydrogen atoms removed
for clarity. The geometry about the zinc atoms is highly dis-
torted trigonal-bipyramidal (τ value = 0.58), with one pyridine
ring and the coordinated water molecule occupying the axial
positions in the primary coordination sphere. Molecules of
the discrete coordination complex are linked through two
intermolecular hydrogen bonds between the coordinated water
molecule and an acetate anion in an adjacent complex. The
Zn–Zn distance is 7.354(1) Å, which is slightly longer than in
other dinuclear complexes of this ligand, and considerably
longer than in complex 16 (6.571(1) Å), which is bridged by
ligand 2.

Discussion
This study of the coordination chemistry of the bridging
ligands 2, 3 and 4, and the model compound 1, has revealed
a number of different coordination modes and structural
features. A commonly observed structure was a discrete di-
nuclear complex, but a coordination polymer and a [2 � 2]-di-
metallomacrocycle were characterised for 2. The coordination
chemistry of ligands 2 and 4 is very similar, with only slight
differences in the metal–metal distances, which originate
because of the extra rigidity of the conjugated bridge between
the chelating units in ligand 4. The metal–metal distances range

Fig. 14 A perspective view of complex 24, formed from reaction of
zinc acetate with 4. Hydrogen atoms are omitted for clarity. Selected
bond lengths (Å) and angles (�): Zn(1)–O(40) 1.980(2), Zn(1)–O(30)
1.990(2), Zn(1)–N(11) 2.093(2), Zn(1)–O(50) 2.152(2), Zn(1)–N(21)
2.210(2); O(40)–Zn(1)–O(30) 106.10(7), O(40)–Zn(1)–N(11) 139.17(7),
O(30)–Zn(1)–N(11) 114.63(7), O(40)–Zn(1)–O(50) 92.98(7), O(30)–
Zn(1)–O(50) 90.63(6), N(11)–Zn(1)–O(50) 89.46(6), O(40)–Zn(1)–
N(21) 93.12(7), O(30)–Zn(1)–N(21) 88.85(6), N(11)–Zn(1)–N(21)
85.12(6), O(50)–Zn(1)–N(21) 173.78(6).
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from 6.571–6.835 Å for complexes of 2 whereas complexes of 4
have metal–metal distances ranging from 7.002–7.354 Å.

In all examples where complexes were structurally charac-
terised, ligands 2 and 4 bridge two metal centres, with only one
case (complex 13) where the ligand is hypodentate. In no case
was a complex characterised where a 7-membered chelate ring
forms in preference to the more favoured 6-membered ring.
These results are in distinct contrast to the ruthenium chemistry
of these ligands previously reported by us.10 In bis(2,2�-bi-
pyridine)ruthenium() complexes these ligands proved
extremely resistant to the formation of dinuclear complexes
despite extensive efforts to effect such reactions. Both 2 and 4
are considerably more stable than ligand 3, which was not
reacted without undergoing some form of decomposition.

Recently, the metal complexes of a related ligand system have
been studied where the ligands are based around the 4,5-dia-
zafluorene ring system 27 in place of the di-2-pyridylmethane
building block incorporated in the ligands investigated here.
These ligands, 9,9�-bis(4,5-diazafluorenyl) (25) and 9,9�-bis(4,5-
diazafluorenylidene) (26) have what are effectively 3-substituted
pyridine rings that have been bonded through the 2-position to
create a planar chelating domain (see Fig. 15). Transition metal
complexes of 25 and 26 have been described with ruthenium(),
cobalt(), nickel() and zinc().27 It appears that the reduced
flexibility of these ligands have thus far prevented the crystallis-
ation of such complexes for study by X-ray crystallography.
However, it is worth noting some interesting differences, in
addition to the changes in flexibility of the chelating unit,
between the two sets of ligands. Ligands 2 and 4 have the
potential to form 6- or 7-membered chelate rings, although the
former is more likely, whereas the diazafluorene-based ligands
will form 5-membered rings on chelation to metal centres.
The bite angle in the two sets of ligands is also considerably
different, with the 5-membered ring in the 4,5-diazafluorene
system responsible for a significant widening of the bite angle
of 25 and 26.

Conclusions
In summary, we have described the synthesis and study of the
transition metal complexes of three closely related bridging
ligands and the simple model chelating unit, 1. Ligand 1 was
shown to adopt a novel bridging coordination mode in com-
plexes 7 and 17, while no complexes of 3 could be isolated
where the ligand remained intact. The effect of oxidising the
carbon backbone of ligand 2, with the concomitant loss of
flexibility and extension of the conjugation in 4, does not sig-
nificantly change the coordination chemistry of these ligands.
The potential utility of the two bridging ligands, 2 and 4, in the
field of metallosupramolecular chemistry was demonstrated
when 2 was reacted with different silver salts to produce both a
coordination polymer and a [2 � 2] molecular box structure.
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