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The new copper(II) 15-metallacrown-5 complexes with the
central metal ions PbII, HgII, AgI, NaI and YIII, with the for-
mula [MCu5L5]Xn {H2L is 2-picolinehydroxamic acid or (S)-
phenylalaninehydroxamic acid and X– is NO3

– or Cl–}, have
been synthesised and characterised by NMR and UV/Vis
spectroscopy, electrospray mass spectrometry and elemental
analysis. The PbII- and HgII 15-metallacrown-5 complexes
were obtained in the crystalline form as pyridine adducts
[PbCu5(picha)5(py)6](NO3)2·3(py) and [HgCu5(picha)5(py)7]-
(NO3)2·2(py) and their X-ray crystal structures were deter-
mined. In both complexes, each peripheral CuII ion of the
metallacrown is coordinated by one pyridine molecule

Introduction

The bridging properties of aminohydroximate ligands are
the basis for the formation of cyclic polynuclear complexes
called metallacrowns,[1] which are inorganic analogues of
crown ethers. In particular, the geometric requirements of
the α-aminohydroximates, that form only five-membered
chelate rings, result in a pentagonal arrangement of the 15-
metallacrown-5 system (Figure 1), as observed in the inter-
esting heteropolynuclear copper(II)–lanthanide(III) com-
plexes[2–5] such as [LnCu5(picha)5](NO3)3 and [LnCu5-
(pheha)5](NO3)3, {where Ln is the lanthanide(III) ion,
picha is the 2-picolinehydroxamic acid dianion and pheha
is the (S)-phenylalaninehydroxamic acid dianion
(Figure 2)} or analogous uranyl(VI) and calcium(II) com-
plexes.[6] These complexes, which contain five copper(II)
ions and which were discovered by the Pecoraro group, are
assembled in the presence of an additional central metal
ion, i.e. Ln3+, UO2

2+ or Ca2+, and they correspond to com-
plexed forms of crown ethers. In contrast, without the ad-
ditional metal template, the same α-aminohydroxamic acids
form the [Cu5L4]X2 12-metallacrown-4 complexes.[7,8] Anal-
ogous 15-metallacrown-5 lanthanide(III) complexes in
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bonded in the axial position. In the case of the PbII derivative,
one additional axial pyridine molecule is bound to the central
metal ion, while in the case of the HgII derivative, two axial
pyridine ligands are bound to the central HgII ion. The rela-
tive stability of the copper(II) 15-metallacrown-5 complexes
with various central metal ions was determined on the basis
of competition reactions. The relative preference of the 15-
metallacrown-5 system for the central metal ion follows the
series NaI, AgI � lanthanide(III), HgII � PbII.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

which the peripheral CuII ions are replaced by NiII ions[9]

or the α-aminohydroximate ligand is replaced by mande-
lohydroximate[10] (Figure 2) are also known. The high sta-
bility and preferred binding of UO2

2+ over Ca2+ by the cop-
per(II) 15-metallacrown-5 complexes were studied in the
context of the sequestering of the toxic uranyl ions and the
biological importance of hydroxamic acids.[8a] The α-ami-
nohydroxamic acids alone were also studied as possible se-
questering agents for toxic lead(II) ions.[11]

Figure 1. The structure of the [MCu5(picha)5]n+ 15-metallacrown-
5 complex. Axial ligands are omitted.

In this contribution, we present the synthesis, spectro-
scopic and structural characterisation of [MCu5L5]Xn 15-
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Figure 2. 2-Picoline-, phenylalanine- and mandelohydroxamic ac-
ids.

metallacrown-5 complexes (Figure 1) with new central
metal ions [M = PbII, HgII, AgI, NaI or YIII, L = picha or
pheha, X = NO3

– or Cl–] and demonstrate the high stability
of the 15-metallacrown-5 complexes of toxic lead(II) and
mercury(II) metal ions.

Results and Discussion

X-ray Crystal Structure of the [PbCu5(picha)5(py)6](NO3)2·
3(py) Complex

The slow diffusion of diethyl ether into a pyridine solu-
tion of the [PbCu5(picha)5](NO3)2·3H2O complex results in
the formation of crystals of the pyridine adduct [PbCu5(p-
icha)5(py)6](NO3)2·3(py). The asymmetric unit of this com-
plex contains the cationic complex [PbCu5(picha)5(py)6]2+

(Figure 3). The 15-metallacrown-5 system formed by five
CuII ions and five bridging 2-picolinehydroximate anions in
this complex is less planar (the deviation of the atoms from
the mean equatorial plane ranges from –1.061 Å for C43 to
+0.804 Å for O41) relative to that in other copper(II) 15-
metallacrown-5 complexes.[2–6] The buckling of the metall-
acrown most likely results from the relatively large size of
the PbII ion. Two of the 2-picolinehydroximate fragments
are tilted with respect to the plane formed by the remaining
three 2-picolinehydroximate ligands in such a way that the
diameter of the ring formed by the five hydroximate oxygen
atoms increases. The cavity radius of the metallacrown is
1.15 Å and matches well with the radius of the six-coordi-
nate PbII ion (1.19 Å). Each copper(II) ion is equatorially
coordinated by two O atoms [the Cu–O distances range
from 1.908 to 1.989(3) Å] and two N atoms [the Cu–N dis-
tances range from 1.941 to 2.030(3) Å] of the two neigh-
bouring 2-picolinehydroximate ligands and one axial pyr-
idine molecule [the Cu–Npy distances range from 2.289 to
2.416(4) Å]. Thus, the complex has a pseudo fivefold sym-
metry. In this way, all five copper(II) ions exhibit identical
coordination environments, in contrast to previously re-
ported copper(II) 15-metallacrown-5 complexes,[2–6] which
exhibit a variation in the axial donor sets of the copper(II)
ions. The PbII ion is coordinated in the centre of the metall-
acrown by five hydroximate oxygen atoms [the Pb–O dis-
tances range from 2.491 to 2.590(3) Å] and is additionally
coordinated by one axial pyridine molecule with a Pb–Npy

bond length of 2.493(3) Å. Interestingly, this pyridine mole-
cule and all five pyridine molecules coordinated to the CuII

ions are positioned on the same side of the macrocycle.
Moreover, the pyridine-rich faces of the neighbouring com-
plex cations related by an inversion centre are directed
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towards each other, which results in the formation of layers
of pyridine molecules almost parallel to the (020) crystallo-
graphic plane (see Figure 4). In the unit cell, two of the
three additional pyridine solvate molecules are located on
the other side of the 15-metallacrown-5 core and one of the
two is located almost perpendicularly to the core and is
oriented with the N atom pointing towards the Cu4 atom
[the Cu4···Npy contact is 2.752(3) Å]. The third pyridine
solvate molecule is located in the same plane as the coordi-
nated pyridine molecules.

Figure 3. Top and side view of the [PbCu5(picha)5(py)6]2+ complex
cation.

The PbII ion adopts a pentagonal-pyramidal geometry,
which is similar to that observed in a related nickel(II) 15-
metallacrown-5 complex.[9] This geometry is relatively rare
for lead(II) complexes.[12,13] The arrangement of the donor
atoms around the PbII ion is hemi-directed, in accord with
the presence of the stereochemically active lone pair of elec-
trons.[14] The PbII ion is slightly displaced by 0.476(2) Å
from the mean plane formed by the five hydroximate oxy-
gen atoms in a direction away from the bound pyridine li-
gand. As a result of this displacement towards the open
face, the PbII ion adopts an umbrella-like structure.[12,13]

The displacement of the PbII ion towards the stereochemi-
cally active lone pair and the resulting distortion of the pen-
tagonal pyramid is in accord with the VSEPR model, which
predicts the privileged position of the lone pair.[15]
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Figure 4. View of the crystal packing of [PbCu5(picha)5(py)6]-
(NO3)2·3(py) showing layers of pyridine molecules almost parallel
to the (020) crystallographic plane.

X-ray Crystal Structure of the [HgCu5(picha)5(py)7](NO3)2·
2(py) Complex

The slow diffusion of diethyl ether into a pyridine solu-
tion of the [HgCu5(picha)5](NO3)2·5H2O complex also re-
sults in the formation of a pyridine adduct, [HgCu5(picha)5-
(py)7](NO3)2·2(py). The asymmetric unit of this crystal con-
tains the cationic complex [HgCu5(picha)5(py)7]2+ (Fig-
ure 5). The central HgII ion is positioned almost exactly in
the least-squares plane of the five oxygen donor atoms of
the metallacrown [deviation from this plane is equal to
0.071(3) Å]. This ion is seven-coordinate – the five equato-
rial oxygen atoms of the metallacrown [the Hg–O distances
range from 2.533 to 2.568(2) Å] and the two nitrogen atoms
of the axially coordinated pyridine molecules [the two Hg–
Npy distances are equal to 2.175(3) and 2.182(3) Å] define
a pentagonal-bipyramidal geometry. While several mer-
cury(II) complexes of highly distorted pentagonal-bipyram-
idal geometry are known,[16] the discussed complex presents
the first example of HgII complexes that forms an almost
regular pentagonal bipyramid with a fivefold symmetry
(Supporting Information, Table S1). Each copper(II) ion in
[HgCu5(picha)5(py)7]2+ is equatorially coordinated by two
O atoms [the Cu–O distances range from 1.914 to
1.994(2) Å] and two N atoms [the Cu–N distances range
from 1.928 to 2.043(3) Å] of the two neighbouring 2-pico-
linehydroximate ligands and one axial pyridine molecule
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[the Cu–Npy distances range from 2.256 to 2.275(3) Å].
Similarly, as in the lead(II) complex discussed above, all the
pyridine molecules axially coordinated to the CuII ions are
positioned on the same side of the metallacrown.

Figure 5. Top and side view of the [HgCu5(picha)5(py)7]2+ complex
cation.

The deviation of the copper(II) 15-metallacrown-5 sys-
tem from planarity in this complex is the largest for this
class of compounds. The metallacrown adjusts itself to the
size of the central HgII ion by adopting a distinctive bowl
shape. The cavity radius of the metallacrown further in-
creases to 1.20 Å, which reflects the large effective size of
the central mercury(II) ion. A search of the Cambridge
Structural Database (Version 5.24) for Hg complexes con-
taining a similar N2O5 donor set yields only one complex,
bis[(µ2-trifluoroacetato-O,O,O�)-(trifluoroacetato-O,O�)pyr-
idinemercury(II)] with a highly distorted pentagonal-bipy-
ramidal geometry.[16a] The latter complex contains five
equatorially coordinated oxygen atoms and two axially co-
ordinated pyridine molecules with Hg–O distances that
range from 2.55 to 2.87 Å and an average Hg–Npy distance
of 2.12 Å. These values, which are somewhat similar to
those observed in [HgCu5(picha)5(py)7](NO3)2·2(py), indi-
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cate that the effective “equatorial” radius of mercury(II) in
this type of environment is substantially larger than the 1.02
and 1.14 Å reported for six- and eight-coordinate mer-
cury(II) complexes, respectively.[17] Even longer bonds with
equatorial donor atoms are found in mercury(II) complexes
that have other donor sets and that exhibit a distorted pen-
tagonal-bipyramidal geometry.[16] Thus, the seven-coordi-
nate mercury(II) ion is large enough to push aside the ami-
nohydroximate ligands and force the 15-metallacrown-5
system to adopt a bowl shape. The variation in the cavity
radius reflects the flexibility of the copper(II) 15-metalla-
crown-5 ring in adjusting to the geometric requirements of
the central metal ion.

In the unit cell, the pyridine solvate molecules are located
in the hole between the cationic [HgCu5(picha)5(py)7]2+

complexes related by an inversion centre and translation
(see Supporting Information, Figure S1). The two charge-
compensating nitrate anions are also located in this hole.
The pyridine-rich faces of the neighbouring complex cat-
ions related by an inversion centre form a layer of pyridine
molecules almost parallel to the (230) crystallographic
plane.

Synthesis and Solution Characterization of the [MCu5L5]Xn

Complexes

The 15-metallacrown-5 complexes with the PbII, HgII,
AgI, NaI and YIII central metal ions can be obtained in
high yields in a straightforward synthesis based on the self
assembly of α-aminohydroxamic acid, CuII ions and the
central metal ion in the presence of base. The NMR spec-
troscopic and ESI MS analyses of the crude reaction mix-
tures show that the 15-metallacrown-5 complex is the main
product. In the case of the AgI complex, the product iso-
lated in the synthesis based on stoichiometric amounts of
substrates exhibits small amounts of other complexes, and
the use of excess AgI ions was necessary for the isolation
of the pure product. It is interesting to note the profound
differences in product formation when NaOH or KOH was
used in the reaction with α-aminohydroxamic acid and CuII

ions. While the smaller sodium cation templates the forma-
tion of the 15-metallacrown-5 ring, the potassium cation is
too big to fit in the centre of this metallacrown, and the 12-
metallacrown-4 complex with a central CuII ion is therefore
formed.[7]

The identities of the new copper(II) 15-metallacrown-5
complexes, [NaCu5(picha)5](NO3), [AgCu5(picha)5](NO3),
[PbCu5(picha)5](NO3)2, [PbCu5(pheha)5](NO3)2, [HgCu5-
(picha)5](NO3)2 and [YCu5(pheha)5]Cl3, are confirmed by
positive mode ESI MS analysis in methanol/DMSO solu-
tions. The spectra of the two lead(II) complexes exhibit
peaks at m/z = 1266 and 602 corresponding to the
{[PbCu5(picha)5](NO3)}+ and [PbCu5(picha)5]2+ species,
respectively (Supporting Information, Figure S2), or a peak
at m/z = 707 corresponding to [PbCu5(pheha)5]2+ (Support-
ing Information, Figure S3). The ESI-MS spectrum of the
mercury(II) complex reveals peaks at m/z = 1260 and 599
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corresponding to {[HgCu5(picha)5](NO3)}+ and [HgCu5-
(picha)5]2+, respectively, in addition to the signals of un-
identified species that are formed by rearrangement of the
starting complex in diluted solution. In the case of the
yttrium(III) complex, signals at m/z = 1368, 666 and 432
corresponding to the {[YCu5(pheha)5](Cl)2}+, {[YCu5-
(pheha)5](Cl)}2+ and [YCu5(pheha)5]3+ species, respectively,
were observed in its spectrum, while only one signal is ob-
served for both the silver(I) and sodium(I) 15-metalla-
crown-5 complexes; m/z = 1107 for [AgCu5(picha)5]+ and
m/z = 1021 for [NaCu5(picha)5]+.

The positions of copper(II) d–d bands of the discussed
15-metallacrown complexes are sensitive to the type of cen-
tral metal ion. This effect may reflect changes in axial lig-
ation and/or in the degree of distortion from the ideal ge-
ometry (e.g. square pyramidal) of the copper(II) ions, which
results from the slightly different buckling of the 15-metall-
acrown-5 system in each complex. The UV/Vis spectra of
DMSO solutions of the NaI, HgII and PbII complexes de-
rived from picolinehydroxamic acid show bands at 558, 592
and 622 nm, respectively, and the spectra of the PbII and
YbIII complexes derived from (S)-phenylalaninehydroxamic
acid exhibit d–d bands at 547 and 573 nm, respectively.

The 1H NMR spectra of the [D6]DMSO solutions of the
15-metallacrown-5 complexes derived from 2-picolinehy-
droxamic acid each exhibit four signals (Figure 6), while
those of the derivatives of (S)-phenylalaninehydroxamic
acid show six non-exchangeable signals (Supporting Infor-
mation, Figure S4) in addition to two proton-exchangeable
signals, in accord with the presence of diastereotopic CH2

and NH2 groups. The 1H NMR signals can be tentatively
assigned on the basis of linewidth analysis. In paramagnetic
complexes with dominant dipolar and Curie relaxation
mechanisms, the linewidths are inversely proportional to
the sixth power of the proton–metal distance.[18] On this
basis, the broadest and most-downfield-shifted 1H NMR
signals of the [MCu5(picha)5](NO3)x complexes can be as-
signed to the protons at position 6 of the picoline ring, the
two signals in the 20–40 ppm region correspond to those at
positions 3 and 5 and the relatively narrow signals around
10 ppm correspond to those at position 4. In the case of
the PbII derivative, this assignment was confirmed by the
observation of correlations between the signals for the pro-
tons at positions 3 and 4 and between the signals for those
at positions 5 and 4 (in other cases, the nuclear relaxation
was too fast to observe the expected COSY correlations).
In the case of the [MCu5(pheha)5]Xn complexes, the most-
downfield-shifted 1H NMR signals correspond to the pro-
tons at the α position, the next two signals correspond to
those at the β positions, the three relatively narrow signals
around 7 ppm are assigned to the protons of the phenyl
ring and the two very broad upfield-shifted signals to the
NH2 protons. The two upfield-shifted signals disappear af-
ter addition of D2O because they correspond to exchangea-
ble protons. The signals for the two diastereotopic β pro-
tons are well separated as expected for paramagnetic com-
plexes. The 1H NMR spectral patterns of the discussed
[MCu5L5]n+ complexes are very similar to those of the anal-
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Figure 6. 1H NMR spectra (298 K) of [D6]DMSO solutions of the [NaCu5(picha)5](NO3), [AgCu5(picha)5](NO3), [PbCu5(picha)5]-
(NO3)2 and [HgCu5(picha)5](NO3)2 15-metallacrown-5 complexes.

ogous [MNi5L5]n+ and [Cu5L4]2+ complexes,[7,9] which is in
accord with the dominant contact contribution to the iso-
tropic (paramagnetic) shifts of the aminohydroximate li-
gand. The upfield paramagnetic shifts of the NH2 protons
probably reflect sizeable dipolar contributions to the iso-
tropic shift or spin polarisation effects,[18] which lead to a
different sign of the contact shift of the NH2 protons rela-
tive to those of other ligand protons.

The simple NMR spectra of the metallacrown com-
plexes, in terms of the number of lines expected for a single
α-aminohydroximate ligand, may arise as a result of two
possibilities: (i) the presence of a single, pure complex of
high symmetry with equivalent aminohydroximate ligands,
or (ii) the presence of kinetically labile complexes of low
symmetry or a mixture of labile complexes. In the latter
case, the dissociation and rearrangement of the metalla-
crown complexes may lead to fast ligand exchange on the
NMR time scale and observation of only one set of
averaged signals. However, in the present case this situation
can be excluded, since separate NMR signals for various α-
aminohydroximate complexes are indeed observed for solu-
tions of crude reaction mixtures or for the less-pure prepa-
rations of the discussed metallacrowns. Similarly, separate
signals for the two ligand types are observed for the solu-
tions containing mixtures of two 15-metallacrown-5 com-
plexes with different central metal ions. Thus, the simplicity
of the observed NMR spectra proves that only one complex
with a high, effective fivefold symmetry is present in each
case.

1H NMR spectroscopy was used to compare the relative
stabilities of the 15-metallacrown-5 complexes with various
central metal ions. In the competition experiments, the ad-
ditional metal salt was combined with the [D6]DMSO solu-
tions of the 15-metallacrown-5 complexes, and the 1H
NMR spectra recorded over a period of time were used to
monitor the exchange of the central metal ion. In the case
of copper(II) 15-metallacrown-5 complexes with NaI or AgI

central metal ions, the addition of one equivalent of
Pb(NO3)2 resulted in the disappearance of the 1H NMR
signals corresponding to the starting complexes [NaCu5-
(picha)5]+ or [AgCu5(picha)5]+ and the appearance of new
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four signals at positions identical to those observed for
[D6]DMSO solution of [PbCu5(picha)5](NO3)2. The reac-
tion was relatively fast (the transformation was completed
after 15 min) and no intermediate was detected. Similarly,
after 5 d at 323 K, complete conversion of the NaI- or AgI

15-metallacrown-5 complexes into [LnCu5(picha)5]3+ (Ln =
La, Sm) was observed after addition of one equivalent of
the nitrate salt of a light lanthanide(III) ion (Figure 7, Sup-
porting Information, Figure S5). The final spectra were
identical to those of the independently synthesised [LnCu5-
(picha)5]3+ complexes. In the same reaction with heavier
lanthanide(III) ions (Ln = Sm, Yb), a small amount of the
pentanuclear [Cu5(picha)4]2+ 12-metallacrown-4 complex[7]

was formed, which was detected in the final NMR spectra
(Supporting Information, Figures S6 and S7). The slightly
different behaviour of the heavy and light lanthanide(III)
ions is related to the higher stability of the copper(II) 15-
metallacrown-5 complex with the lighter lanthanide(III)
ions.[7] The preference for the larger (lighter) lanthanide
ions can be further confirmed by competition reactions be-
tween lanthanide(III) 15-metallacrown-5 derivatives and
various lanthanide(III) salts. Addition of one equivalent of
La(NO3)3·6H2O or Sm(NO3)3·6H2O to a DMSO solution
of [YbCu5(picha)5]3+ results in the gradual growth of a new
signals corresponding to [LaCu5(picha)5]3+ or [SmCu5-
(picha)5]3+, respectively (Supporting Information, Fig-
ures S8 and S9). A partial conversion was obtained after the
solution was heated for 55 d at 323 K (70% of the starting
complex was converted in the case of LaIII and 63% in the
case of SmIII). The reverse reactions were not observed in
analogous 1H NMR measurements. These observations
indicate that the exchange of the lanthanide(III) ions is very
slow, and equilibrium is not reached in these experiments.
A similar situation was observed for the reaction of lantha-
nide(III) 15-metallacrown-5 complexes with the lead(II) ni-
trate. The partial (40–70%) conversion of the [LnCu5-
(picha)5]3+ complex into [PbCu5(picha)5]2+ was observed
(Figure 8, Supporting Information, Figures S10–S12). Par-
tial conversion of [LnCu5(picha)5]3+ into the corresponding
mercury(II) 15-metallacrown-5 complex, [HgCu5-
(picha)5]2+, was also observed in the reaction with the mer-
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Figure 7. The 1H NMR spectra ([D6]DMSO, 298 K) of: (A) the [AgCu5(picha)5]+ complex, (B) [AgCu5(picha)5]+ treated at 323 K with
1 equiv. Sm(NO3)3·6H2O for 1 h, (C) for 5 d, (D) the [SmCu5(picha)5]3+ complex.

cury(II) nitrate. In this case, however, a more complicated
behaviour was observed – the subsequent decomposition of
the resulting complex upon prolonged heating.

Figure 8. The 1H NMR spectra ([D6]DMSO, 298 K) of: (A) the
[LaCu5(picha)5]3+ complex, (B) [LaCu5(picha)5]3+ treated at 323 K
with 1 equiv. Pb(NO3)2 for 1 d, (C) for one week, (D) for two
weeks, (E) for one month, (F) the [PbCu5(picha)5]2+ complex.

It should also be noted that the copper(II) 15-metalla-
crown-5 system is more stable than the copper(II) 12-
metallacrown-4 system. The ring system of the 15-metalla-
crown-5 complex with the central PbII or HgII metal ion is
not destroyed in pyridine solutions, while the 12-metallac-
rown-4 ring of [Cu5(picha)4](NO3)2 is destroyed by the com-
peting pyridine ligand.[7] Further, the [Cu5(picha)4]2+ com-
plex is converted into [MCu5(picha)5]n+ complexes after the
addition of AgI, PbII or HgII nitrate, as indicated by 1H
NMR spectra.

Conclusions

We have shown that the copper(II) 15-metallacrown-5
system is well suited for the binding of a variety of relatively
large metal ions in the centre of the metallacrown. In par-
ticular, the heavy metal ions lead(II) and mercury(II) form
stable complexes of this type. In pyridine solution, these
complexes form pyridine adducts, [HgCu5(picha)5(py)7]-
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(NO3)2 and [PbCu5(picha)5(py)6](NO3)2, in which the pyr-
idine molecules are bound to the CuII ions on the same side
of the metallacrown. The 15-metallacrown-5 ring can adopt
a buckled conformation in order to adjust to the size and
coordination requirements of the central metal ion. The rel-
ative preference of the 15-metallacrown-5 system for the
central metal ion follows the series NaI, AgI � lantha-
nide(III), HgII � PbII. This series indicates that both elec-
tronic factors (preference for the metal ions that form
strong bonds with the nitrogen and oxygen donor atoms)
and geometric factors (preference for the larger metal ions)
influence the stability of the formed complexes.

Experimental Section
Reagents and Materials

2-Picolinehydroxamic acid (H2picha) and (S)-phenylalaninehy-
droxamic acid (H2pheha) were prepared as reported previously.[4]

All lanthanide(III) nitrates were obtained from Aldrich Chemical
Co., Cu(NO3)2·3H2O, Cu(CH3COO)2·H2O, NaOH, Pb(NO3)2,
Hg(NO3)2·H2O, pyridine and methanol (obtained from POCH)
were of analytical grade and used without further purification.

Synthesis

[NaCu5(picha)5](NO3)·3H2O: NaOH (0.095 g, 2.39 mmol) was
added to a methanolic solution (25 mL) of 2-picolinehydroxamic
acid (0.165 g, 1.19 mmol), and the resultant mixture was stirred for
10 min until a clear solution was obtained. A methanolic solution
(10 mL) of Cu(NO3)2·3H2O (1.19 mmol, 0.288 g) was added, and
a brown precipitate, which appeared immediately, was separated.
The product was recrystallised from methanol to give a deep brown
complex [NaCu5(picha)5](NO3)·3H2O (90 mg, 33% yield).
C30H26Cu5N11NaO16 (1137.31): calcd. C 31.70, H 2.30, N 13.56;
found C 31.38, H 1.99, N 13.48%. 1H NMR (DMSO): δ = 9.90,
25.60, 27.42, 64.13 ppm; (CD3OD): δ = 10.29, 26.19, 27.70,
64.82 ppm.

[AgCu5(picha)5](NO3)·5H2O: Solid NaOH (0.048 g, 1.19 mmol)
was added to a solution of 2-picolinehydroxamic acid (0.165 g,
1.19 mmol) in methanol (25 mL), and the resultant clear solution
was stirred for 10 min. Cu(NO3)2·3H2O (0.144 g, 0.597 mmol) and
solid Ag(NO3) (0.041 g, 0.238 mmol) were then added, and a brown
precipitate started to appear. The solution mixture was stirred for
2 d. The obtained brown precipitate was filtered and dissolved in
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methanol again. Addition of a second portion of Ag(NO3) (0.02 g)
to the methanol solution resulted in the formation of a brown-
black precipitate, which was filtered and dried (81 mg 27% yield).
C30H30AgCu5N11O18 (1258.22): calcd. C 28.63, H 2.4, N 12.25;
found C 28.49, H 2.38, N 12.35. 1H NMR (DMSO): δ = 9.66,
22.38, 24.11, 55.25 ppm.

[PbCu5(picha)5](NO3)2·3H2O: 2-picolinehydroxamic acid (0.082 g,
0.60 mmol) was added to a methanolic solution (25 mL) of Cu(CH3-
COO)2·H2O (0.120 g, 0.60 mmol), and the resultant deep brown
solution was stirred for 10 min. A hot methanolic solution (10 mL)
of Pb(NO3)2 (0.040 g, 0.12 mmol) was then added, and the green
solution was left to stir overnight. The volume was reduced by a
rotary evaporator, and the brown precipitate was filtered and dried
(102 mg, 62% yield). C30H26Cu5N12O19Pb (1383.53): calcd. C
26.04, H 1.89, N 12.15; found C 26.17, H 1.72, N 12.19%. 1H
NMR (DMSO): δ = 10.98, 31.15, 31.27, 76.79 ppm.

[PbCu5(pheha)5](NO3)2·5H2O: Cu(CH3COO)2·H2O (0.120 g,
0.60 mmol) was dissolved in methanol (25 mL), (S)-phenylala-
ninehydroxamic acid (0.107 g, 0.60 mmol) was added, and the mix-
ture was stirred for 15 min. A hot methanolic solution (10 mL) of
Pb(NO3)2 (0.040 g, 0.12 mmol) was then added, and the green solu-
tion was left to stir for 2 h. After evaporation of solvent, a brown
precipitate was obtained (117 mg, 60% yield). C45H60Cu5N12O21Pb
(1629.96): calcd. C 33.15, H 3.71, N 10.31; found C 32.96, H 3.60,
N 10.31%. 1H NMR (DMSO): δ = 6.87, 7.00, 7.15, 7.90, 14.20,
21.52, –83.61, –98.96 ppm.

[HgCu5(picha)5](NO3)2·5H2O: Cu(CH3COO)2·H2O (0.120 g,
0.60 mmol) was dissolved in methanol (25 mL), 2-picolinehy-
droxamic acid (0.082 g, 0.60 mmol) was added, and the resultant
solution was stirred for 15 min. A hot methanolic solution (10 mL)
of Hg(NO3)2 (0.041 g, 0.12 mmol) was then added dropwise whilst
stirring, and the resultant solution was heated at reflux overnight.
The green-orange product that formed was filtered, washed with
methanol and dried (91 mg, 54% yield). C30H30Cu5HgN12O21

(1412.83): calcd. C 25.49, H 2.14, N 11.89; found C 25.65, H 1.76,
N 11.55%. 1H NMR (DMSO): δ = 12.24, 31.74, 35.53, 87.25 ppm.

Table 1. Crystal data for the [PbCu5(picha)5(py)6](NO3)2·3(py) and [HgCu5(picha)5(py)7](NO3)2·2(py) complexes.[a]

Formula (C60H50N16O10Cu5 Pb)(NO3)2·3(C5H5N) (C65H55N17O10Cu5Hg)(NO3)2·2(C5H5N)

Molecular weight 2041.37 2034.77
Crystal system Triclinic Triclinic
Space group P1̄ P1̄
a, b, c [Å] 15.676(3), 16.030(3), 17.978(3) 13.419(3), 15.077(3), 21.671(4)
α, β, γ [°] 72.29(3), 74.19(3), 79.06(3) 89.56(3), 93.84(3), 93.32(3)
Volume, V [Å3] 3883.7(15) 4367.9(12)
Z 2 2
Temperature [K] 100(2) 100(2)
Dcalcd. [g cm–3] 1.746 1.546
Dobs. (floatation) [gcm–3] 1.74 1.54
Radiation, Mo-Kα [Å] 0.71073 0.71073
Index range –20 � h � 20, –21 � k � 19, –22 � l � 22 –17 � h � 17, –19 � k � 19, –28 � l � 26
Reflections collected 24344 26103
Independent reflections 17793 (Rint = 0.0214) 20822 (Rint = 0.0609)
Observed reflections [I�2σ(I)] 14514 12327
Abs. coeff., µ [mm–1] 3.586 3.019
Correction Lorenz and polarisation, absorption Lorenz and polarisation, absorption
Tmin, Tmax 0.327, 0.678 0.526, 0.684
R(F2 � σ) 0.0365 0.0701
wR(F2 all reflections) 0.0903 0.1771
S 1.005 1.074
∆ρ [eÅ–3] –0.941, +1.544 –1.050, +1.832

[a] R = Σ||Fo| – |Fc||/ΣFo; wR(F2) = {Σ[w(Fo
2 – Fc

2)2]/ΣwFo
4}1/2; w–1 = [σ2(Fo

2) + (0.0560P)2] for the Pb compound and w–1 = [σ2(Fo
2) +

(0.105P)2] for the Hg compound, P = (Fo
2 + 2Fc

2)/3.
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[YCu5(pheha)5]Cl3·12H2O: (S)-phenylalaninehydroxamic acid
(0.107 g, 0.60 mmol) was added to a stirred solution of Cu(CH3-
COO)2·H2O (0.120 g, 0.60 mmol) in H2O (25 mL). An aqueous
solution (10 mL) of YCl3 (0.033 g, 12 mmol) was added dropwise
whilst stirring, and the colour of the mixture changed from green
to deep blue. The mixture was left to stir overnight. Deep blue
crystals of the complex were obtained (87 mg, 45% yield) upon
slow evaporation of the solvent. C45H74Cl3Cu5N10O22Y (1620.12):
calcd. C 33.35, H 4.60, N 8.30; found C 33.06, H 4.60, N, 8.64%.
1H NMR (CD3OD): δ = 7.05, 7.26, 7.34, 9.69, 16.64, 30.38 ppm.

[LnCu5(picha)5](NO3)3 Complexes: These were synthesised as de-
scribed previously.[4,7]

1H NMR, ESI-MS and UV/Vis Measurements

The 1H NMR spectra were collected on a Bruker AMX 500 spec-
trometer. The spectra were calibrated by using solvent signals as
reference. The gradient-COSY spectra were acquired with 256�1K
data points and zero-filled to 1K�1K matrix. The positive-mode
ESI-MS spectra were measured with a Finnigan MAT TSQ 700
triple stage quadrupole mass spectrometer equipped with an elec-
trospray ionization (ESI) source and with a Micromass LCT (TOF)
instrument. The UV/Vis absorption spectra were measured with a
CARY 5 spectrophotometer. The elemental analyses were carried
out on a Perkin–Elmer 2400 CHN elemental analyzer.

X-ray Data Collection and Structure Determination

X-ray intensity data for both crystals were collected by using graph-
ite monochromated Mo-Kα radiation on a four-circle κ-geometry
KUMA KM-4 diffractometer with a two-dimensional area CCD
detector at 100(2) K. The ω-scan technique with ∆ω = 0.75° for
each image was used for the data collection; 960 images for six
different runs covering about 98% of the Ewald sphere were per-
formed. Initially the lattice parameters were refined on about 150
reflections obtained from 40 images for eight runs with different
orientations in the reciprocal space. Finally, the lattice parameters
were refined by least-squares methods based on all the reflections
with I � 2σ(F2). One image was used as a standard for monitoring
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the stability of the crystals as well as for monitoring the data collec-
tion after every 40 images, and no correction on the relative inten-
sity variation was necessary. Integration of the intensities and cor-
rection for Lorenz and polarisation effects were performed with a
KUMA KM-4 CCD program system.[19] The face-indexed analyti-
cal absorption was calculated with the SHELXTL program.[20] The
structures were solved by direct methods by using SHELXS of the
SHELXL97 program.[21] The structures were refined with aniso-
tropic thermal parameters for all non-hydrogen atoms. Difference
Fourier maps gave electron density concentrations located approxi-
mately for all hydrogen atom positions; these positions were ideal-
ised (HFIX 43 for all H atoms of the pyridyl rings with isotropic
thermal parameters of 1.2Ueq of the carbon atoms joined directly
to the hydrogen atoms). Final difference Fourier maps showed no
peaks of chemical significance. Details of the data collection pa-
rameters and final agreement factors are presented in Table 1. Se-
lected bond lengths are listed in the Supporting Information,
Table S1. CCDC-620938 and -620939 contains the supplementary
crystallographic data for the [PbCu5(picha)5(py)6](NO3)·3(py) and
[HgCu5(picha)5(py)7](NO3)·2(py) complexes, respectively. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/datarequest/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 – crystal packing of the [HgCu5(picha)5(py)7]-
(NO3)·2(py) complex, Figures S2 and S3 – ESI MS spectra of PbII

derivatives, Figures S4–S12 – NMR spectra, and Table S1 – se-
lected geometrical parameters for the [PbCu5(picha)5(py)6](NO3)·
3(py) and [HgCu5(picha)5(py)7](NO3)·2(py) complexes are pre-
sented.
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