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Di-2-pyridyl Ketone Oxime in Zinc Chemistry: Inverse 12-Metallacrown-4
Complexes and Cationic Pentanuclear Clusters
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The use of di-2-pyridyl ketone oxime (Hpko)/X– “blends” (X–

= PhCO2
–, N3

–, NCO–, acac–, NCS–) in zinc chemistry yields
neutral tetranuclear and cationic pentanuclear clusters. Vari-
ous synthetic procedures have led to the synthesis of com-
pounds [Zn4(OH)2(O2CPh)2(pko)4]·3MeCN (1·3MeCN),
[Zn4(OH)2(N3)2(pko)4]·4DMF (2·4DMF), [Zn4(OH)2(NCO)2-
(pko)4]·3DMF·H2O (3·3DMF·H2O), [Zn4(OH)2(acac)2(pko)4]·
4CH2Cl2 (4·4CH2Cl2), [Zn5Cl2(pko)6][ZnCl(NCS)3]·2.5H2O·
1.5MeOH (5·2.5H2O·1.5MeOH) and [Zn5(NCS)2(pko)6-
(MeOH)][Zn(NCS)4]·2.5H2O·MeOH (6·2.5H2O·MeOH). The
structures of the six complexes have been determined by sin-
gle-crystal X-ray crystallography. The tetranuclear molecules
of 1–4 lie on a crystallographic inversion centre and have an
inverse 12-metallacrown-4 topology. Two triply bridging hy-
droxides are accommodated in the centre of the metallac-
rown ring. The pko– ligands form a propeller configuration

Introduction

Metallamacrocycles have gained increasing attention
over the past decade due to their potentially unique proper-
ties. These molecules have already been used in applications
as diverse as catalysis,[1] sensors[2] or as chiral building
blocks for two and three-dimensional solids.[3] Metallamac-
rocycles include complexes such as metallacrowns,[4] metall-
acrowns containing carbon in the macrocycle,[5] azametal-
lacrowns,[6] anticrowns,[7] metallacrown ethers,[8] metallahel-
icates,[9] metallacalixarenes,[10] metallacryptates,[11] molecu-
lar squares and boxes[1,2,12]and polynuclear alkoxo- or
oxometal complexes.[13]

Metallacrowns (MCs),[4] the inorganic structural and
functional analogues of crown ethers,[14] are usually formed
with transition metal ions and a nitrogen replacing the
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that imposes absolute stereoisomerism with Λ and Δ chirality.
Two metal ions are in distorted O2N4 octahedral environ-
ments, whereas the rest are in severely distorted tetrahedral
or trigonal bipyramidal environments. The five Zn ions of the
cations of 5 and 6 are held together by six pko– ligands which
adopt three different coordination modes; the chloro (5) and
isothiocyanato (6) ligands are terminal. The five Zn ions de-
fine two nearly equilateral triangles sharing a common apex,
and the novel Zn5 topology can be described as two “col-
lapsed” 9-metallacrown-3 structures sharing a common Zn
apex. Besides the pentanuclear cations, the structures of 5
and 6 contain slightly distorted tetrahedral [ZnCl(NCS)3]2–

and [Zn(NCS)4]2– ions, respectively, with the isothiocyanato
ligands binding the metal ion in a virtually linear fashion.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

methylene carbon atoms. MCs exhibit selective recognition
of cations and anions, and can display intramolecular mag-
netic-exchange interactions. The isolation of MCs requires
the employment of tri- and tetradentate ligands containing
hydroxamate or oximate functionalities to provide a scaf-
folding within which the desired metal-containing core can
be realized. The first MCs were prepared using the triply
deprotonated form (shi3–) of salicylhydroxamic acid as li-
gand.[4,15] This dinucleating agent contains four heteroat-
oms that are potential metal-binding sites: one metal atom
can bind in a five-membered chelate ring formed through
the hydroximate group while a second metal atom can bind
in a six-membered chelate ring through the iminophenolate
group, i.e., shi3– can act as a 2.1111 ligand using Harris
notation.[16] This approach yields clusters with M–N–O–M
networks linking the ring metal atoms and forms the basis
of MCs (Figure 1). The synthesis of MCs is not necessarily
restricted to the use of organic ligands with a hydroximate
moiety, however. The same M–N–O–M connectivity can be
achieved using oximate ligands that can form six- and/or
five-membered chelate rings.[4] One example of such a li-
gand is di-2-pyridyl ketone oxime (Hpko),[17] whose anion
(pko–) can adopt a variety of coordination modes (Fig-
ure 1); pko– is the ligand used in the present study. Even
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more interesting are MCs composed of a combination of
oximate and hydroximate ligands, e.g., pko– and shi3–.[4,18]

Figure 1. Some of the crystallographically established coordination
modes of the ligands shi3– and pko– discussed in the text, and the
Harris notation that describes these modes.

Metallacrown nomenclature is discussed in several
key references.[4,18,19] There are now examples of [9-
MCM(ox)N(ligand)-3],[20] [12-MCM(ox)N(ligand)-4],[15,18,19,21]

[15-MCM(ox)N(ligand)-5][19,22] and [24-MCM(ox)N(ligand)-8][17]

structural types, as well as fused, dinuclear and mixed-metal
MCs.[4,18,19,23] There are nine metals in four oxidation states
(ii–v) that have been incorporated into the MC ring, while
more than 20 metal ions, i.e., lanthanide, actinide, alkali,
alkaline earth and transition metal ions have been captured
in the central cavity of MCs.

For 12-MC-4 complexes, two structural motifs have been
reported: classical or regular[15,18,19,21] and inverse,[24] with
most 12-MC-4 compounds belonging to the former type. In
the regular motif, there is an N–O–M–N–O–M linkage, i.e.,
an [M–N–O]n repeat unit, with the oxygen atoms oriented
towards the centre of the cavity and capable of binding cat-
ions.[4] In the inverse motif, which has been realized only
for Zn[24] and Co,[25] the ring metal ions are oriented
towards the centre of the cavity which is now capable of
encapsulating anions, whereas the connectivity is trans-
posed to N–O–M–O–N–M.

Our groups have been exploring the chemistry of
MCs[17,19,21a,21e,22a,22f,23b,24b,25] and the coordination chem-
istry of 2-pyridyl oximes,[26,27] the latter not necessarily in
relation to the former. There is currently a renewed interest
in the coordination chemistry of oximes.[28] Research efforts
are driven by a number of considerations, including the
solution of pure chemical problems,[29] the development of
new oxygen activation catalysts,[30] the application of metal/
oxime systems as simple and efficient catalysts for the hy-
drolysis of organonitriles,[31] the mechanistic study of cor-
rosion inhibition by Acorga P5000 (a modern corrosion in-
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hibitor) on Fe surfaces,[32] and the employment of oximate
ligands in the synthesis of homometallic or heterometallic
clusters[28a,33,34] and chains[35] with interesting magnetic
properties, including single-molecule magnetism[34e] and
single-chain magnetism[35] behaviour. For example, the pure
chemical interest arises from the ability of the oximate(1–)
group (–C=N–O–) to stabilize higher metal oxidation
states,[36] such as NiIII or NiIV, and the fact that the acti-
vation of oximes by transition metal centres towards further
reactions seems to be an excellent area of modern synthetic
chemistry.[28] In contrast to the great number of studies con-
cerning metal complexes of simple oximes and salicylaldox-
ime,[28,34d,32] little is known about complexes of pyridyl ox-
imes, although this class of compounds could offer unique
features in terms of structural characteristics and physical
properties.

Di-2-pyridyl ketone oxime (Hpko) occupies a special po-
sition amongst the 2-pyridyl oximes. One area to which the
ligand pko– is relevant is the chemistry of MCs (see above).
Another attractive aspect of pko– is its great coordinative
flexibility and versatility, characteristics that have led to
polynuclear 3d-metal complexes with impressive structures
and interesting magnetic properties.[26,27a,27e,37] A last inter-
esting feature is the activation of Hpko by 3d-metal centres,
which appears to be a fruitful area of synthetic inorganic
chemistry. Examples of this activation are the Mn-assisted
transformation of Hpko into the coordinated dianion of the
gem-diol form of di-2-pyridyl ketone through NO3

– genera-
tion,[27a] and the in-situ transformation of Hpko into the
coordinated ligands di-2-pyridylimine, (amino)di-2-pyridyl-
methyl ethyl ether and (amino)di-2-pyridylmethyl methyl
ether upon its reaction with [VIIICl3(THF)3] in various sol-
vents.[38]

Zinc(ii)/Hpko chemistry has attracted some prior inter-
est. Pecoraro and co-workers have prepared the tetranuclear
species [Zn4(OH)2(O2CMe)2(pko)4] or {(OH)2[inv12-
MCZnIIN(pko)-4](O2CMe)2}[24a] (using the metallacrown no-
menclature), which is the archetype of the inverse 12-MC-4
complexes. Some of us have also prepared and studied[24b]

[ZnCl2(Hpko)], [Zn4(OH)2Cl2(pko)4] or{(OH)2[inv12-
MCZnIIN(pko)-4]Cl2} and [Zn8(shi)4(pko)4(MeOH)2]; the sec-
ond of these complexes is also an inverse 12-MC-4 species,
while a part of the octanuclear cluster can be described as
having a formally anionic [12-MCZnIIN(shi)-4]4– core with the
12-membered ring acting as host agent for a dinuclear
Zn2(pko)4 unit and with two of the MC ring ZnII ions creat-
ing dinuclear moieties with the remaining metal ions. Using
these prior observations as a starting point and seeking to
extend the family of the inverse 12-MCZnIIN(pko)-4 com-
plexes, to incorporate pseudohalides (N3

–, NCO–, SCN–),
carboxylates other than acetates or anionic chelates into the
ZnII/pko– chemistry, and to examine the possibility of creat-
ing novel cluster topologies within this chemistry, we report
here the successful development of synthetic routes to cat-
ionic pentanuclear ZnII/pko– clusters and to new examples
of inverse 12-MCZnIIN(pko)-4 compounds featuring N3

–,
NCO–, SCN–, PhCO2

– or acac– coligands [acac = acetylace-
tonate(–1) ion].
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Results and Discussion

Synthesis

As stated above, we were interested in extending the very
small family of inverse 12-MCZnIIN(pko)-4 complexes. In an
earlier report, Pecoraro’s group reported the preparation of
the inverse metallacrown [Zn4(OH)2(O2CMe)2(pko)4].[24a]

Thus, we decided to seek the benzoate version of this com-
plex. Our main goal was to determine whether the benzoate
cluster would have a similar molecular structure. The prepa-
ration of compound 1 can be achieved by the 1:1 reaction
of Zn(O2CPh)2·2H2O with pko– in MeCN at room tem-
perature [Equation (1)]. Note that both Et3N and the re-
leased PhCO2

– groups can act as proton acceptors to facili-
tate formation of OH– and pko– ligands.

(1)

Similar results were obtained in the absence of the exter-
nal Et3N base; however, the yield (about 20%) was lower.
The formation of 1 in the absence of Et3N (not reported in
the Experimental Section) is summarised by Equation (2).

(2)

Two years ago we reported[24b] the preparation of the in-
verse 12-MC-4 [Zn4(OH)2Cl2(pko)4] from the reaction of
ZnCl2 with pko– or by addition of NaOH to a MeOH/
DMF solution of the mononuclear complex [ZnCl2(Hpko)].
We wondered whether pseudohalide analogues of the
chloro cluster could be prepared. For example, we could
envisage that complexes [Zn4(OH)2X2(pko)4] (X = N3

–,
SCN–, OCN–, ...), with two terminal X– ligands instead of
two terminal chloro ligands, should be stable. Reactions be-
tween convenient ZnII sources and a combination of N3

– or
OCN– and pko– (ca. 2:1:2) in DMF or DMF/MeOH led to
subsequent isolation of pure crystalline complexes 2 and 3
in good yields (ca. 70%) [Equations (3) and (4)]. Single-
crystal X-ray crystallography revealed the expected struc-
tural similarity between 2 and 3 and the chloro cluster.

(3)

(4)

Two features of the Equations (3) and (4) deserve com-
ments. First, the reaction “solutions” should be filtered be-
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fore crystallisation to remove a small amount of NaNO3 or
NaCl which remains insoluble in DMF. Second, the em-
ployment of DMF is beneficial to the syntheses as DMF
solvate molecules stabilize the crystal lattices of 2 and 3 and
also possibly aid in the “neutralisation” of the produced
dilute HCl or HNO3 and, thus, the latter do not decompose
the hydroxo clusters.

The next questions we addressed were whether the
monodentate ligands PhCO2

–, N3
–, OCN– and Cl– in 1, 2,

3 and [Zn4(OH)2Cl2(pko)4],[24b] respectively, or the nearly
monodentate MeCO2

– ligand (in fact the acetato ligand is
anisobidentate) in [Zn4(OH)2(O2CMe)2(pko)4],[24a] could be
replaced by anionic chelates and whether this replacement
would preserve the inverse 12-MC-4 structural type. The
anionic chelating ligand chosen was the acetylacetonate(–1)
ion (acac–). The procedure that leads to pure 4 involves the
reaction of Zn(acac)2·H2O with an almost equimolar
amount of Hpko in CH2Cl2 under reflux [Equation (5)].
The source of the hydroxo ligands is moisture from the
starting materials, and the solvents used for the preparation
(CH2Cl2) and/or crystallisation (Et2O) of the complex. Sin-
gle-crystal X-ray crystallography revealed the existence of
an inverse 12-MC-4 motif in 4. The isolation of the hydroxo
cluster 4 from non-polar solvents is strong evidence of the
great thermodynamic stability of the {Zn4(μ3-OH)2-
(pko)4}2+ unit.

(5)

We initially came across complexes 5 and 6 when we tried
to prepare the isothiocyanato analogue of [Zn4(OH)2-
Cl2(pko)4], 2 and 3. These at first glance trivial efforts led
to dramatic nuclearity and structural changes. The initial
reaction explored was that between ZnCl2, half an equiva-
lent of SCN– and one equivalent of pko– (prepared in situ
from Hpko and NaOH) in MeOH. The colourless solution
obtained gradually turned to pale yellow upon stirring.
Concentration of the resulting solution at room tempera-
ture gave a mixture of colourless prisms and pale-yellow
needles. Their not-too-dissimilar solubility prevented chem-
ical separation; however, the differences in colour and crys-
tal shape allowed manual separation of the two materials.
The colourless and pale-yellow crystals were crystallograph-
ically identified as complexes [Zn5Cl2(pko)6][ZnCl(NCS)3]·
2.5H2O·1.5MeOH (5·2.5H2O·1.5MeOH) and [Zn5(NCS)2-
(pko)6(MeOH)][Zn(NCS)4]·2.5H2O·MeOH (6·2.5H2O·
MeOH), respectively. Stoichiometric reactions of the forma-
tion of 5 and 6 are represented by Equations (6) and (7),
respectively.

With the identities of 5 and 6 established, convenient syn-
theses of pure materials were sought under alternative reac-
tion conditions. Complex 6 has a ZnII/SCN– ratio of 1:1,
whereas the initial reaction solution had a ZnII/SCN– ratio
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(6)

(7)

of 2:1; thus, attempts to obtain pure 6 were made by
decreasing this ratio. Somewhat to our disappointment, the
use of ZnCl2/NaSCN ratios of 1:1 or even of 1:2 again gave
mixtures of 5 and 6. It is likely that the reaction solution
contains a complicated mixture of several species in equilib-
rium, with factors such as relative solubility, lattice energy,
crystallisation kinetics amongst others determining the
identity of the isolated products. Since complex 6 is chlo-
ride-free, the next logical step to prepare the pure com-
pound was to exclude Cl– ions from the reaction mixture.
The preparation of pure 6 was achieved by the reaction of
a slight excess of Zn(O2CMe)2·2H2O with one equivalent
of NaSCN and one equivalent of Hpko in MeOH [Equa-
tion (8)].

(8)

In seeking to prepare the pure complex 5, it was logical
to carry out reactions employing high ZnCl2/NaSCN ratios.
The 3:1:3 and 4:1:4 ZnCl2/NaSCN/pko– reaction mixtures
in MeOH led to precipitation of almost pure colourless 5 in
good yields (typically higher than 50%). However, careful
examination of the crystalline powders from these reactions
revealed trace amounts of pale-yellow microcrystals and/or
specks which were shown to be complex 6 by IR spec-
troscopy. Thus, the manual separation of colourless crystals
from their above-described mixtures with 6 remains the
only source of complex 5 to date for further measurements.

Since complexes 5 and 6 contain different ZnII/SCN– ra-
tios, it seemed reasonable to suspect that they could be in-
terconverted by treatment of the performed materials with
appropriate reagents. The conversion of 5 to 6 can be ac-
complished quite easily by treatment of the former with an
excess of NaSCN in MeOH at 45 °C [Equation (9)]. Ad-
dition of a small amount of external H2O to the reaction
mixture is necessary to achieve a clean conversion of 5 to
6, presumably by keeping the produced NaCl soluble. All
efforts to prepare 5 by the reaction of 6 with an excess of
NaCl in MeOH or MeOH/H2O were in vain.

(9)
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The isolation of 5 and 6 was surprising and, needless
to say, unexpected. We suspected that the formation of the
pentanuclear clusters might be related to their cationic
character. Thus, we tried to prepare such clusters with N3

–

and OCN– ligands under conditions that favour formation
of anionic compounds, i.e., employing bulky non-coordi-
nating counteranions. Synthetic studies of hundreds of
ZnX2/OCN– or N3

–/pko–/Y– reaction mixtures (X = Cl,
NO3, MeCO2; Y = PF6, ClO4, BPh4) repeatedly led to
microcrystalline materials. Analytical data were consistent
with the formulation [Zn5(OCN)2(pko)6]Y2 or [Zn5(N3)2-
(pko)6]Y2 and IR data indicated the presence of Y– counter-
ions, but, unfortunately, numerous attempts to obtain
crystals suitable for crystallographic studies all were in vain.
We were luckier, but at the same time unlucky again, when
we employed acac– (instead of N3

– or OCN–) in the above-
mentioned reaction mixtures. The reaction, summarised in
Equation (10), gave pale-yellow prisms, which were proven
to be single crystals.[39] Unfortunately, the crystals were of
bad quality and poor diffractors of X-rays and, therefore,
we refrain from presenting a full structural analysis here.
Nevertheless, single-crystal crystallographic studies clearly
revealed the presence of the [Zn5(acac)2(pko)6]2+ ion in the
product, further emphasising our belief that the pentanu-
clear clusters are isolable only as cations.

(10)

Description of Structures

[Zn4(OH)2(O2CPh)2(pko)4]·3MeCN (1·3MeCN),
[Zn4(OH)2(N3)2(pko)4]·4DMF (2·4DMF), [Zn4(OH)2-
(NCO)2(pko)4]·3DMF·H2O (3·3DMF·H2O) and
[Zn4(OH)2(acac)2(pko)4]·4CH2Cl2 (4·4CH2Cl2)

Partially labelled plots of the tetranuclear molecules pres-
ent in compounds 1·3MeCN, 2·4DMF, 3·3DMF·H2O and
4·4CH2Cl2, are shown in Figures 2, 3, 4, and 5, respectively.
Selected interatomic distances and angles are listed in
Tables 1, 2, 3, and 4, respectively. The molecular structures
of the four complexes are similar in many aspects and, thus,
only the structure of the representative complex 1·3MeCN
will be described in detail.

The tetranuclear molecule of 1·3MeCN lies on a crystal-
lographic inversion centre and has a planar, nearly rhombic
arrangement of the metal centres. The two diagonals of the
rhombus correspond to the interatomic distances
Zn(1)···Zn(1�) and Zn(2)···Zn(2�) which are equal to
5.815(1) and 3.224(1) Å, respectively, the short diagonal be-
ing very similar to the sides of the rhombus. Due to
the presence of the crystallographic inversion centre, the
{Zn(2)Zn(2�)O(21)O(21�)}2+ subcore is strictly planar. The
metallacrown is characterised as inverse because the Zn
ions, rather than the oximate oxygen atoms, are oriented
towards the centre of the cavity, while the connectivity is
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Figure 2. Partially labelled ORTEP plot of the tetranuclear molecule of complex 1·3MeCN. Primed and unprimed atoms are related by
the crystallographic inversion centre. O(21) and O(21�) are the hydroxo oxygen atoms. The connectivity of the inverse metallacrown ring
has been highlighted.

Figure 3. Partially labelled POV-RAY plot of the tetranuclear mole-
cule of complex 2·4DMF. Other details are as in the caption of
Figure 2.

N–O–Zn–O–N–Zn. The Zn centres are bridged along each
side of the rhombus by one μ3-hydroxide [O(21),O(21�)] and
one oximate(–1) group. The pko– ligands adopt an
η1:η1:η1:μ2 (or 2.1110[16]) coordination mode. The coordi-
nation about the hydroxo oxygen atom, O(21), is markedly
pyramidal [sum of Zn–O(21)–Zn angles: 319.7°].

The metal ions exhibit two coordination geometries.
Zn(2) and Zn(2�) are in distorted O2N4 octahedral environ-
ments, whereas Zn(1) and Zn(1�) are in severely distorted
O4 tetrahedral environments. Each hydroxo oxygen atom
bridges to two octahedral Zn ions and one tetrahedral Zn
ion. The octahedral Zn ions are bound to two pko– moieties
by pyridyl nitrogen atoms [N(1), N(11), N(1�), N(11�)] and
the oxime nitrogen atoms [N(2), N(12), N(2�), N(12�)] in
two five-membered chelating rings. The remaining two co-
ordination sites of the octahedron are filled by the two μ3-
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Figure 4. Partially labeled POV-RAY plot of the tetranuclear mole-
cule of complex 3·3DMF·H2O. Primed and unprimed atoms are
related by the crystallographic inversion centre. O(31) and O(31�)
are the hydroxo oxygen atoms. The connectivity of the inverse
metallacrown ring has been highlighted.

hydroxide ions accommodated in the centre of the MC ring.
The ligands form a propeller configuration that imposes ab-
solute stereoisomerism, with Λ chirality at Zn(2) and Δ chi-
rality at Zn(2�). Each tetrahedral Zn ion is bound to one of
the bridging hydroxo ligands and to two oximate oxygen
atoms, while the fourth site is occupied by an oxygen atom
[O(31), O(31�)] from a coordinated benzoate ion. The
longer Zn(2)–O bonds [2.085(3), 2.088(4) Å] compared to
the Zn(1)–O ones [1.925(5)–1.991(3) Å] are a consequence
of the higher coordination number of Zn(2). The angles
around Zn(1) [and Zn(1�)] are in the wide 100.9(3)–
133.3(2)° range. The benzoate oxygen atom [O(31)] forms a
strong bond with Zn(1) [1.925(5) Å]. As is sometimes (but
not always) observed for monodentate RCO2

– groups, there
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Figure 5. Partially labeled ORTEP plot of the tetranuclear molecule of complex 4·4CH2Cl2. Other details are as in the caption of Figure 4.

Table 1. Selected interatomic distances [Å] and angles [°] for
[Zn4(OH)2(O2CPh)2(pko)4]·3MeCN (1·3MeCN).[a]

Zn(1)···Zn(2) 3.334(1) Zn(1)–O(31) 1.925(5)
Zn(1)···Zn(2�) 3.315(1) Zn(2)–O(21) 2.088(4)
Zn(1)···Zn(1�) 5.815(1) Zn(2)–O(21�) 2.085(3)
Zn(2)···Zn(2�) 3.224(1) Zn(2)–N(1) 2.196(4)
Zn(1)–O(1) 1.974(3) Zn(2)–N(11) 2.187(3)
Zn(1)–O(12�) 1.951(3) Zn(2)–N(2) 2.156(3)
Zn(1)–O(21) 1.991(3) Zn(2)–N(12) 2.158(3)
O(1)–Zn(1)–O(12�) 106.0(1) N(2)–Zn(2)–N(12) 156.4(1)
O(12�)–Zn(1)–O(31) 133.3(2) Zn(1)–O(21)–Zn(2) 108.7(2)
O(21)–Zn(1)–O(31) 100.9(3) Zn(1)–O(21)–Zn(2�) 109.8(1)
O(21)–Zn(2)–N(1) 161.2(1) Zn(2)–O(21)–Zn(2�) 101.2(2)
O(21�)–Zn(2)–N(11) 158.6(1)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x + 1, –y, –z + 1.

Table 2. Selected interatomic distances [Å] and angles [°] for
[Zn4(OH)2(N3)2(pko)4]·4DMF (2·4DMF).[a]

Zn(1)···Zn(2) 3.312(1) Zn(2)–N(21) 1.925(5)
Zn(1)···Zn(2�) 3.301(1) Zn(1)–O(21) 2.122(3)
Zn(1)···Zn(1�) 3.243(1) Zn(1)–O(21�) 2.103(3)
Zn(2)···Zn(2�) 5.763(1) Zn(1)–N(1) 2.171(4)
Zn(2)–O(1�) 1.964(3) Zn(1)–N(11) 2.194(4)
Zn(2)–O(11) 1.966(3) Zn(1)–N(2) 2.153(3)
Zn(2)–O(21) 1.953(3) Zn(1)–N(12) 2.144(3)
O(1�)–Zn(2)–O(11) 102.0(1) Zn(2)–O(21)–Zn(1) 108.7(2)
O(21)–Zn(2)–N(21) 119.5(2) Zn(2)–O(21)–Zn(1�) 108.9(2)
O(21)–Zn(1)–N(11) 159.3(1) Zn(1)–O(21)–Zn(1�) 100.3(1)
O(21�)–Zn(1)–N(1) 159.2(1) Zn(2)–N(21)–N(22) 134.0(7)
N(2)–Zn(1)–N(1) 160.5(1) N(21)–N(22)–N(23) 175.8(12)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x, –y, –z + 1.

is evidence for an additional weak interaction between
Zn(1) and Zn(1�), and the “free” benzoate oxygen atoms
O(32) and O(32�), which generates an asymmetric chelating
carboxylate group. Further support for this structural as-
signment comes from the coordination environment around
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Table 3. Selected interatomic distances [Å] and angles [°] for
[Zn4(OH)2(NCO)2(pko)4]·3DMF·H2O (3·3DMF·H2O).[a]

Zn(1)···Zn(2) 3.316(1) Zn(1)–N(21) 1.918(7)
Zn(1)···Zn(2�) 3.313(1) Zn(2)–O(31) 2.122(4)
Zn(1)···Zn(1�) 5.788(1) Zn(2)–O(31�) 2.104(4)
Zn(2)···Zn(2�) 3.233(1) Zn(2)–N(1) 2.188(6)
Zn(1)–O(1) 1.966(5) Zn(2)–N(11) 2.163(6)
Zn(1)–O(11�) 1.946(5) Zn(2)–N(2) 2.130(5)
Zn(1)–O(31) 1.962(4) Zn(2)–N(12) 2.151(5)
O(1)–Zn(1)–O(11�) 101.6(2) N(2)–Zn(2)–N(12) 159.9(2)
O(31)–Zn(1)–N(21) 122.2(3) Zn(1)–O(31)–Zn(2) 108.5(2)
O(31)–Zn(2)–N(1) 160.0(2) Zn(1)–O(31)–Zn(2�) 109.1(2)
O(31�)–Zn(2)–N(11) 159.6(2) Zn(2)–O(31)–Zn(2�) 99.8(2)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x + 2, –y + 1, –z.

Table 4. Selected interatomic distances [Å] and angles [°] for
[Zn4(OH)2(acac)2(pko)4]·4CH2Cl2 (4·4CH2Cl2).[a]

Zn(1)···Zn(2) 3.433(1) Zn(2)–O(42) 2.062(5)
Zn(1)···Zn(2�) 3.467(1) Zn(1)–O(31) 2.066(6)
Zn(1)···Zn(1�) 3.164(1) Zn(1)–O(31�) 2.051(6)
Zn(2)···Zn(2�) 6.132(1) Zn(1)–N(1) 2.192(6)
Zn(2)–O(1) 1.983(5) Zn(1)–N(11) 2.208(6)
Zn(2)–O(11�) 2.005(5) Zn(1)–N(2) 2.166(6)
Zn(2)–O(31) 2.082(5) Zn(1)–N(12) 2.163(5)
Zn(2)–O(41) 2.007(6)
O(1)–Zn(2)–O(31) 97.3(2) O(31�)–Zn(1)–N(11) 158.2(2)
O(1)–Zn(2)–O(42) 91.3(2) N(2)–Zn(1)–N(12) 154.0(2)
O(31)–Zn(2)–O(42) 168.3(2) Zn(2)–O(31)–Zn(1) 111.7(3)
O(41)–Zn(2)–O(42) 87.7(2) Zn(2)–O(31)–Zn(1�) 114.1(3)
O(31)–Zn(1)–N(1) 159.9(2) Zn(1)–O(31)–Zn(1�) 100.4(2)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x + 2, –y + 1, –z + 1.

Zn(1), which is very distorted from tetrahedral geometry;
thus, an alternative description for the Zn(1) polyhedron is
as an edge-capped tetrahedron.

The separations between neighbouring metal ions in 1
[3.315(1), 3.334(1) Å] are significantly shorter than those
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observed in regular 12-MC-4 complexes [M···M distances
are approx. 4.6 Å].[15,18,19,21a] If we consider that, in the in-
verse 12-MC-4 compounds, the M···M separation is the bite
distance, then this separation is longer than the O···O dis-
tance in regular MCs (ca. 2.6 Å) which is considered as the
bite distance.

Complex 1 is only the second structurally characterised
example of a tetranuclear zinc(ii) benzoate cluster, the first
being [Zn4O(O2CPh)6].[40]

The molecular structures of 2·4DMF, 3·3DMF·H2O and
4·4CH2Cl2 are similar to the structure of 1·3MeCN except
that the two terminal PhCO2

– ligands of 1 are replaced by
two monodentate azido (2·4DMF), two monodentate isocy-
anato (i.e. N-bonded, 3·3DMF·H2O) or two bidentate che-
lating acetylacetonate groups (4·4CH2Cl2). Due to the pres-
ence of the purely monodentate N3

– and NCO– ligands in
2·4DMF and 3·3DMF·H2O, respectively, instead of the ani-
sobidentate benzoate ligands in 1·3MeCN, the coordination
environments of the tetrahedral Zn ions are less distorted;
the angles around these metal ions in 2·4DMF and
3·3DMF·H2O are in the ranges 102.0(1)–119.5(2)° and
101.6(2)–122.2(3)°, respectively [vs. the 100.9(3)–133.3(2)°
range observed in 1·3MeCN]. The presence of the chelating
acac– ligands in 4·4CH2Cl2 creates a truly five-coordination
at two metal ions [Zn(2) and Zn(2�) in Figure 5]. The five
donor atoms around Zn(2) [and Zn(2�)] do not create a reg-
ular polyhedron. Analysis of the shape-determining angles
using the approach of Reedijk and coworkers[41] yields a
value for the trigonality index, τ, of 0.61 (τ = 0 and 1 for
perfect square-pyramidal (spy) and trigonal-bipyramidal
(tbp) geometries, respectively). Thus, the geometry about
Zn(2) is significantly distorted and can better be described
as distorted tbp. With use of this description, the axial sites
of Zn(2) are occupied by atoms O(31) and O(42) with atoms
O(1), O(11�) and O(41) making up the equatorial plane
(Figure 4 and Table 3).

The Zn–Nazido [1.925(5) Å] and Zn–Nisocyanato

[1.918(7) Å] bond lengths in 2·4DMF and 3·3DMF·H2O,
respectively, are typical for such terminal bonds in tetrahe-
dral zinc(ii) complexes. For comparison, the Zn–Nazido

bond lengths in [Zn(N3)2(py)2] (py = pyridine)[42] are
1.928(16) and 1.945(17) Å, while the Zn–Nisocyanato bond
lengths in [Zn(NCO)2(4-dmap)2], where 4-dmap is 4-(di-
methylamino)pyridine, are 1.909(5) and 1.942(5) Å. The
azido and isocyanato ligands are almost linear [N(21)–
N(22)–N(23) = 175.8(12)°, N(21)–C(41)–O(21) = 176(2)°];
these ligands are coordinated in a bent (N3

–) or slightly bent
(NCO–) fashion as indicated by the Zn–N–N [134.0(7)°]
and Zn–N–C [160.7(10)°] angles, respectively (Table 4).

The benzoate cluster 1 has a similar structure to its ace-
tate version,[24a] while the molecular structures of the pseu-
dohalide inverse 12-MC-4 complexes 2 and 3 are also very
similar to the structure of the halide analogue [Zn4(OH)2-
Cl2(pko)4].[24b] Obviously, the replacement of MeCO2

– by
PhCO2

–, and of Cl– by N3
– and NCO– has little structural

effect. Rather than discuss similarities, we list in Table 5
comparative structural parameters for the {(OH)2[inv12-
MCZnIIN(pko)-4]X2} complexes (X = Cl, N3, NCO). The re-
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markable similarity of the molecular structures of the three
complexes is clearly evident. The presence of the two five-
coordinate Zn anions in 4 {instead of two four-coordinate
Zn ions in [Zn4(OH)2Cl2(pko)4], 2 and 3} has few slight
structural consequences. The Znfive-coord–Ohydroxo

[2.082(5) Å] and Znfive-coord–Ooximate [mean value:
1.994(5) Å] bond lengths are longer than the corresponding
Zntetr–Ohydroxo and mean Zntetr–Ooximate ones (Table 5), as
expected. The Znfive-coord···Znfive-coord separation
[6.132(1) Å] is longer than the Zntetr···Zntetr ones (Table 5),
whereas the Znoct···Znoct interatomic distance [3.164(1) Å]
and the mean Znoct–Ohydroxo bond length [2.059(6) Å] are
shorter than the corresponding distances in {(OH)2[inv12-
MCZnIIN(pko)-4]X2} (X = Cl, N3, NCO).

Table 5. Selected, comparative structural data for the halide/pseu-
dohalide inverse 12-MC-4 complexes [Zn4(OH)2Cl2(pko)4],
[Zn4(OH)2(N3)2(pko)4] (2) and [Zn4(OH)2(NCO)2(pko)4] (3).

Parameter [Å or °] [Zn4(OH)2Cl2(pko)4] 2 3

Zntetr···Zntetr 5.826 5.763 5.788
Znoct···Znoct 3.231 3.243 3.233
Zntetr ···Znoct

[a] 3.326 3.307 3.315
Zntetr–Ohydroxo 1.963 1.953 1.962
Zntetr–Ooximate

[a] 1.960 1.965 1.956
Znoct–Ohydroxo

[a] 2.118 2.113 2.113
Znoct–Npyridyl

[a] 2.178 2.183 2.176
Znoct–Noximate

[a] 2.144 2.149 2.141
Zntetr–Ohydroxo–Znoct

[a] 109.4 108.8 108.8
Znoct–Ohydroxo–Znoct 99.4 100.3 99.8
Σ(Zn–Ohydroxo–Zn) 318.1 317.9 317.4

[a] Mean value.

[Zn5Cl2(pko)6][ZnCl(NCS)3]·2.5H2O·1.5MeOH
(5·2.5H2O·1.5MeOH) and [Zn5(NCS)2(pko)6(MeOH)]-
[Zn(NCS)4]·2.5H2O·MeOH (6·2.5H2O·MeOH)

Fully or partially labelled plots of the cations and anions
present in compounds 5·2.5H2O·1.5MeOH and
6·2.5H2O·MeOH, are shown in Figures 6, 7, 8, and 9. Se-
lected interatomic distances and angles are listed in
Tables 6, 7, 8, and 9. The molecular structures of the penta-
nuclear cations [Zn5Cl2(pko)6]2+ and [Zn5(NCS)2(pko)6-
(MeOH)]2+ are similar in many aspects and, thus, only the
structure of the chloride-containing cation will be described
in detail.

Complex 5·2.5H2O·1.5MeOH crystallises in the triclinic
space group P1̄. Its structure consists of the pentanuclear
[Zn5Cl2(pko)6]2+ cation, the novel [ZnCl(NCS)3]2– anion,
and solvate H2O and MeOH molecules; the solvate mole-
cules will not be further discussed. The five Zn ions of the
cation are held together by six pko– ligands which adopt
three different coordination modes. Two pko– ligands adopt
the coordination mode 2.1110, two are in the rare 3.1111
fashion, while the rest behave as 3.2111 ligands (see Fig-
ure 1). The five metal ions define two nearly equilateral tri-
angles sharing a common apex at Zn(1). The “central”
Zn(1) ion is in a distorted O2(Npyridyl)2(Noximate)2 cis-trans-
cis octahedral environment. Zn(2) and Zn(3) are bound to
an O2(Npyridyl)2(Noximate) set of donor atoms, while Zn(4)
and Zn(5) are bound to an O(Npyridyl)2(Noximate)Cl set. The
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Figure 6. Partially labeled POV-RAY plot of the pentanuclear cat-
ion [Zn5Cl2(pko)6]2+ of the complex 5·2.5H2O·1.5MeOH.

Figure 7. Structure of the anion [ZnCl(NCS)3]2– of complex
5·2.5H2O·1.5MeOH.

Figure 8. Partially labeled POV-RAY plot of the pentanuclear cat-
ion [Zn5(NCS)2(pko)6(MeOH)]2+ of complex 6·2.5H2O·MeOH.

five donor atoms around Zn(2) and Zn(3) create a very dis-
torted polyhedron. The τ values[41] for Zn(2) and Zn(3) are
0.48 and 0.54, respectively. We prefer to describe the geome-
try about these metal ions as very distorted tbp. With use
of this description, the axial sites of Zn(2) are occupied by
atoms O(11) and N(23), while those of Zn(3) by atoms O(1)
and N(33). The Zn(4) and Zn(5) coordination geometries
are better described as very distorted spy with the 2-pyridyl
nitrogenatoms N(3) and N(13) occupying the apical posi-
tions for Zn(4) and Zn(5), respectively; The τ values[41] are
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Figure 9. Structure of the anion [Zn(NCS)4]2– of complex
6·2.5H2O·MeOH.

Table 6. Selected interatomic distances [Å] and angles [°] for the
cation [Zn5Cl2(pko)6]2+ present in complex 5·2.5H2O·1.5MeOH.

Zn(1)···Zn(2) 3.767(1) Zn(2)–N(23) 2.159(7)
Zn(1)···Zn(3) 3.756(1) Zn(2)–N(31) 2.064(6)
Zn(1)···Zn(4) 4.902(1) Zn(2)–N(22) 2.073(6)
Zn(1)···Zn(5) 4.896(1) Zn(3)–O(1) 2.063(5)
Zn(2)···Zn(3) 4.820(1) Zn(3)–O(51) 1.968(5)
Zn(2)···Zn(4) 7.776(1) Zn(3)–N(21) 2.091(6)
Zn(2)···Zn(5) 3.627(1) Zn(3)–N(33) 2.167(7)
Zn(3)···Zn(4) 3.631(1) Zn(3)–N(32) 2.078(6)
Zn(3)···Zn(5) 7.759(1) Zn(4)–O(1) 2.089(5)
Zn(4)···Zn(5) 9.785(1) Zn(4)–N(3) 2.107(7)
Zn(1)–O(21) 2.065(5) Zn(4)–N(51) 2.089(7)
Zn(1)–O(31) 2.048(5) Zn(4)–N(52) 2.109(7)
Zn(1)–N(1) 2.152(7) Zn(4)–Cl(1) 2.232(3)
Zn(1)–N(11) 2.168(7) Zn(5)–O(11) 2.081(5)
Zn(1)–N(2) 2.138(6) Zn(5)–N(13) 2.088(7)
Zn(1)–N(12) 2.112(6) Zn(5)–N(41) 2.078(7)
Zn(2)–O(11) 2.077(6) Zn(5)–N(42) 2.114(8)
Zn(2)–O(41) 1.973(5) Zn(5)–Cl(2) 2.169(5)
O(21)–Zn(1)–N(11) 172.2(2) N(21)–Zn(3)–N(32) 119.7(2)
O(31)–Zn(1)–N(1) 173.4(2) O(1)–Zn(4)–N(3) 82.7(2)
N(2)–Zn(1)–N(12) 176.6(3) O(1)–Zn(4)–N(51) 157.9(3)
O(11)–Zn(2)–N(23) 163.9(2) N(52)–Zn(4)–Cl(1) 137.5(2)
O(41)–Zn(2)–N(23) 88.3(2) O(11)–Zn(5)–N(41) 159.8(3)
N(31)–Zn(2)–N(22) 119.5(2) N(13)–Zn(5)–N(41) 100.7(3)
O(1)–Zn(3)–N(21) 95.9(2) N(42)–Zn(5)–Cl(2) 136.9(2)
O(1)–Zn(3)–N(33) 166.0(2)

Table 7. Selected bond lengths [Å] and angles [°] for the anion
[ZnCl(NCS)3]2– present in complex 5·2.5H2O·1.5MeOH.

Zn(6)–Cl(3) 2.334(10) Zn(6)–N(2t) 1.933(13)
Zn(6)–N(1t) 1.916(13) Zn(6)–N(3t) 1.90(2)
Cl(3)–Zn(6)–N(1t) 111.0(4) N(1t)–Zn(6)–N(2t) 110.7(5)
Cl(3)–Zn(6)–N(2t) 111.0(4) N(1t)–Zn(6)–N(3t) 111.7(6)
Cl(3)–Zn(6)–N(3t) 106.1(5) N(2t)–Zn(6)–N(3t) 106.2(6)

0.34 [Zn(4)] and 0.38 [Zn(5)]. The Zn(1)–Npyridyl and
Zn(1)–Noximate bonds are slightly longer than the corre-
sponding Zn(2,3,4,5)–N bonds, consistent with the higher
coordination number for Zn(1). The novel Zn5 topology in
the cation of 5 could have been described as two 9-MC-3
rings fused at Zn(1) if the Zn(3)–O(1) and Zn(2)–O(11)
bonds were absent. In this case, however, the Zn(3) and
Zn(2) ions reach across their respective 9-MC-3 rings and
bind to the oxime oxygen atoms of the opposite pko– li-
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Table 8. Selected interatomic distances [Å] and angles [°] for the
cation [Zn5(NCS)2(pko)6]2+ present in complex 6·2.5H2O·MeOH

Zn(1)···Zn(2) 4.793(1) Zn(2)–N(22) 2.096(4)
Zn(1)···Zn(3) 3.750(1) Zn(3)–O(21) 2.083(4)
Zn(1)···Zn(4) 3.622(1) Zn(3)–O(31) 2.038(3)
Zn(1)···Zn(5) 7.710(1) Zn(3)–N(1) 2.148(4)
Zn(2)···Zn(3) 3.725(1) Zn(3)–N(11) 2.217(5)
Zn(2)···Zn(4) 7.790(1) Zn(3)–N(2) 2.166(4)
Zn(2)···Zn(5) 3.587(1) Zn(3)–N(12) 2.130(4)
Zn(3)···Zn(4) 4.995(1) Zn(4)–O(1) 2.102(4)
Zn(3)···Zn(5) 4.853(1) Zn(4)–N(3) 2.091(5)
Zn(4)···Zn(5) 9.829(2) Zn(4)–N(51) 2.124(5)
Zn(1)–O(1) 2.057(4) Zn(4)–N(52) 2.089(5)
Zn(1)–O(51) 1.971(4) Zn(4)–N(61) 1.959(6)
Zn(1)–N(23) 2.064(5) Zn(5)–O(11) 2.071(4)
Zn(1)–N(31) 2.149(5) Zn(5)–Om(1) 2.205(4)
Zn(1)–N(32) 2.083(4) Zn(5)–N(13) 2.183(4)
Zn(2)–O(11) 2.036(4) Zn(5)–N(41) 2.110(5)
Zn(2)–O(41) 1.986(4) Zn(5)–N(42) 2.177(5)
Zn(2)–N(21) 2.171(5) Zn(5)–N(71) 2.020(6)
Zn(2)–N(33) 2.087(4)
O(1)–Zn(1)–N(31) 162.1(2) O(1)–Zn(4)–N(51) 158.7(2)
O(51)–Zn(1)–N(32) 134.8(2) O(1)–Zn(4)–N(61) 96.6(2)
N(23)–Zn(1)–N(31) 101.9(2) N(3)–Zn(4)–N(51) 99.5(2)
O(11)–Zn(2)–N(21) 166.7(2) N(3)–Zn(4)–N(52) 113.1(2)
O(41)–Zn(2)–N(22) 131.3(2) N(3)–Zn(4)–N(61) 114.8(2)
N(21)–Zn(2)–N(33) 92.3(2) O(11)–Zn(5)–N(41) 157.0(2)
O(21)–Zn(3)–N(11) 170.1(2) Om(1)–Zn(5)–N(13) 168.5(2)
O(31)–Zn(3)–N(1) 168.9(2) N(42)–Zn(5)–N(71) 169.0(2)
N(2)–Zn(3)–N(12) 176.0(2)

Table 9. Selected bond lengths [Å] and angles [°] for the anion
[Zn(NCS)4]2– present in complex 6·2.5H2O·MeOH.

Zn(6)–N(101) 1.960(10) Zn(6)–N(103) 1.925(11)
Zn(6)–N(102) 1.962(9) Zn(6)–N(104) 1.922(9)
N(101)–Zn(6)–N(102) 109.1(4) N(102)–Zn(6)–N(103) 105.8(4)
N(101)–Zn(6)–N(103) 109.8(4) N(102)–Zn(6)–N(104) 109.6(4)
N(101)–Zn(6)–N(104) 111.8(4) N(103)–Zn(6)–N(104) 110.7(5)

gands. This causes two “collapsed”[4,18] 9-metallacrown-3
structures sharing a common apex at Zn(1). Each “col-
lapsed” structure is essentially a cation-vacant metallac-
rown.

Besides the pentanuclear cation, the structure contains a
novel (from the chemical composition viewpoint) chlorotri-
s(isothiocyanato)zincate(2–) anion (Figure 7). Three NCS–

ions coordinating through their nitrogen atoms and one ter-
minal chloro ligand surround Zn(6). The bond angles about
the metal ion are in the range 106.1(5)–111.7(6)°, and show
a slight distortion of the ZnN3Cl tetrahedron. The three
isothiocyanate groups bind the zinc ion in a virtually linear
fashion, with the C–N–Zn bond angles in the range of
158.2(13)–171.3(11)°.

The molecular structure of the pentanuclear cation of
6·2.5H2O·MeOH is similar to the structure of the cation
of 5·2.5H2O·1.5MeOH except that the two terminal chloro
ligands of the latter are replaced by two terminal isothiocy-
anato ligands in the former and one of the five-coordinate
metal ions of 5·2.5H2O·1.5MeOH [Zn(5) in Figure 6] has
become six-coordinate in 6·2.5H2O·MeOH [Zn(5) in Fig-
ure 8] through coordination of one terminal MeOH ligand.
Again, the five metal ions define two nearly equilateral tri-
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angles sharing a common apex [at Zn(3)], the six pko– li-
gands adopt three different coordination modes (2.1110,
3.1111, 3.2111, see Figure 1) and the Zn5 topology can be
described as two fused “collapsed” 9-MC-3 rings [in this
case the Zn(2) and Zn(1) ions reach across their respective
9-MC-3 rings and bind to the oxime oxygen atoms O(11)
and O(1) of the opposite pko– ligands]. Another slightly
different structural feature of 6·2.5H2O·MeOH is worthy of
comment. In 5·2.5H2O·1.5MeOH the two five-coordinate,
chloride-bound metal ions [Zn(4) and Zn(5) in Figure 6]
have a distorted spy coordination environment, whereas the
polyhedron of the unique five-coordinate, isothiocyanate-
bound metal ion [Zn(4) in Figure 8] in 6·2.5H2O·MeOH is
better described as a very distorted trigonal bipyramid (τ =
0.45) with atoms O(1) and N(51) occupying the axial sites.
The Zn(4)–Nisothiocyanate bond [1.959(6) Å] is shorter than
the Zn(5)–Nisothiocyanate bond [2.020(6) Å], which is consis-
tent with the lower coordination number for Zn(4) [five vs.
six for Zn(5)] (Table 8).

Besides the pentanuclear cation, the structure contains a
tetraisothiocyanatozincate(2–) anion (Figure 9). Four NCS–

anions almost equivalently surround Zn(6), coordinating
through the nitrogen atoms such that a slightly distorted
tetrahedral geometry occurs. The Zn–N bond lengths
[1.922(9)–1.962(9) Å] and N–Zn–N bond angles [105.8(4)–
111.8(4)°] are typical for complexes containing the
[Zn(NCS)4]2– anion.[45] All the NCS– groups bind the metal
ion in a virtually linear fashion, with the C–N–Zn bond
angles in the range 168.4(10)–175.4(9)° (Table 9).

The cations present in compounds 5 and 6 represent the
third and fourth, respectively, structurally characterised ex-
amples of non-organometallic, pentanuclear ZnII com-
plexes with O,N ligation (there are several examples with
S-, Te- or P-containing ligands). The other two examples
are [{Zn2L(O2CMe)2}2Zn(H2O)4][46a] and [Zn5(poap-H)6]-
(ClO4)4,[46b] where L is the trianion of a Schiff base derived
from glycine and poap-H the monoanion of an alkoxy-
diazine polydentate ligand.

A remarkable structural feature of complexes 5 and 6
is the presence of pko– ligands that adopt three different
coordination modes. Since most complexes containing
bridging pko– ligands have been reported only recently, we
felt it timely to collect all metal complexes of bridging pko–

ligands in Table 10, together with the pko– coordination
modes for convenient comparison. Inspection of Table 10
clearly shows that the 2.1110 ligation mode (Figure 1) is the
most common one and that only two previously character-
ised clusters, namely [Ni4(pko)6(MeOH)2](OH)(ClO4)[26a]

and [Zn8(shi)4(pko)4(MeOH)2],[26b] contain di-2-pyridyl
ketone oximate(1–) ligands exhibiting two different coordi-
nation modes; thus, the cations of 5 and 6 are unique in
exhibiting three different coordination modes of the pko–

ligands.

IR Spectra

The IR spectra of 1, 2·4DMF and 4 exhibit a medium
band at 3414–3386 cm–1 assignable[47a] to ν(OH)OH–. The
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Table 10. Structurally characterised complexes containing bridging pko– ligands.

Complex[a] Coordination mode[b] of pko– Ref.

[Ni4(pko)6(MeOH)2]2+ 2.1110, 2.1111 [26a]

[M3(pko)6(CO)8] 2.1110 [37]

[Ru2(pko)2(CO)4] 2.1110 [37]

[Os3(μ-H)(pko)(CO)9] 2.1110 [37]

[Mn12O6(OH)4(OMe)2(pko)12]4+ 2.1110 [17]

[Mn4(O2CR)2X2(pko)2{(py)2CO2}2] 2.1110 [27e]

[Mn3(OMe)2Y2(pko)4] 2.1110 [26b,26c]

Zn4(OH)2Cl2(pko)4] 2.1110 [24b]

[Zn8(shi)4(pko)4(MeOH)2] 2.1110, 3.1111 [24b]

[Mn4O(3,4-D)4(pko)4] 2.1110 [26d]

[Ni4(NCS)2(Hshi)2(pko)2(DMF)(MeOH)] 2.1111 [18]

[Ni5(O2CMe)2(shi)2(pko)2] 3.2111 [18]

[Ni10(MCPA)2(shi)5(pko)3(MeOH)(H2O)] 3.2111 [18,23b]

[Mn2Ni2(O2CMe)2(shi)2(pko)2(DMF)5] 2.1110 [18]

[Zn4(OH)2(O2CMe)2(pko)4] 2.1110 [24a]

[Cu2(pko)4][c] 2.1110 [44]

[Zn4(OH)2Z2(pko)4] 2.1110 this work
[Zn5X�2(pko)6]2+ 2.1110, 3.2111, 3.1111 this work

[a] Counterions and solvate molecules have been omitted; 3,4-D = the anion of 3,4-dichlorophenoxyacetic acid; Hshi = the dianion of
salicylhydroxamic acid; MCPA = the anion of 2-methyl-4-chlorophenoxyacetic acid; (py)2CO2 = the dianion of the gem-diol form of di-
2-pyridyl ketone; shi = the trianion of salicylhydroxamic acid; R = Me, Ph; X = Cl, Br; X� = Cl, NCS; Y = NCS, Cl, NCO; Z = PhCO2,
N3, NCO, acac. [b] Using Harris notation[16] (see also Figure 1). [c] This complex also contains N,N�-chelating, i.e., terminal, pko– ligands.

presence of both hydroxo ligands and water solvate mole-
cules in 3·3DMF·H2O is manifested by a broad IR band of
medium intensity at about 3400 cm–1.[47b] The ν(OH) band
in the spectra of the crystals of 5·2.5H2O·1.5MeOH and
6·2.5H2O·MeOH appears at 3330 and 3415 cm–1, respec-
tively. The presence of DMF in 2·4DMF and 3·3DMF·H2O
is manifested by a strong band at 1672–1665 cm–1 and a
weak band at around 640 cm–1, assigned to ν(C=O) and
δ(OCN), respectively.[48] The absence of shifts of these
bands in the complexes, when compared with the corre-
sponding bands in the spectrum of free DMF,[48] confirms
that there is no interaction between DMF and the ZnII

atoms.
Two bands, one strong at about 1595 cm–1 and one of

variable intensity at about 1220 cm–1, are common in the
spectra of 1–6; these bands are tentatively assigned to the
oximate ν(C=N) and ν(N–O) vibrational modes,[24b] respec-
tively, although the higher-wavenumber band may also have
an aromatic stretch character.

The strong bands at 1566 and 1366 cm–1 in the spectrum
of 1 are assigned to the νas(CO2) and νs(CO2) modes of
the benzoate ligands, respectively;[49] the former may also
involve a 2-pyridyl stretching character. The difference Δ
[Δ = νas(CO2) – νs(CO2)] is 200 cm–1, more than that for
NaO2CPh (184 cm–1), as expected for monodentate lig-
ation.[49] In the spectrum of 4, the bands at 1594 and
1518 cm–1 certainly involve a ν(C–�C)acac– [coupled with
ν(C–�O)acac–] character and a ν(C–�O)acac– [coupled with ν(C–

�C)acac–] character, respectively;[50] however, overlap with
other modes renders exact assignments difficult. The spec-
trum of 2·4DMF exhibits an intense band at 2070 cm–1,
assigned to the asymmetric stretching mode of the azido
ligands.[50] Similarly, the strong band at 2236 cm–1 in the
spectrum of 3·3DMF·H2O is assigned to the νas(NCO)
[consisting mainly of ν(CN)] vibrational mode of the isocy-
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anato ligands.[50,51] The spectra of the dried samples
5·2.5H2O and 6·2.5H2O exhibit the ν(CN) mode at 2076
and 2074 cm–1, respectively; These wavenumbers are typical
of terminal isothiocyanato groups.[50] The existence of the
isothiocyanato ligands at different ZnII coordination envi-
ronments (tetrahedral, trigonal-bipyramidal, octahedral) in
6 does not lead to two or three ν(CN) bands and, thus,
the different environments cannot be differentiated by IR
spectroscopy. The expected νs(NNN), δ(NNN) [2·4DMF],
νs(NCO) [consisting mainly of ν(CO)], δ(NCO)
[3·3DMF·H2O], ν(CS) and δ(NCS) [5·2.5H2O, 6·2·5H2O]
bands could not be located because they are obscured by
pko– absorptions.

Conclusions and Perspectives

The further use of di-2-pyridyl ketone oxime in Zn chem-
istry has provided access to six new clusters, four tetranu-
clear and two pentanuclear. Complexes 1–4 are valuable ad-
ditions to the small, but growing, family of inverse metallac-
rown complexes. The present work also extends the body of
results that emphasise the ability of the monoanionic ligand
pko– to form new structural types in 3d-metal chemistry.
Complexes 5 and 6 are rare examples of pentanuclear zinc
complexes with ligands containing N- and/or O-donors.
Moreover the “collapsed” double, fused 9-metallacrown-3
structural type observed in these clusters is novel. The
structural diversity displayed by the reported complexes
stems from the coordinating versatility of pko– and its abil-
ity to exhibit two or even three distinct coordination modes
in the same compound. The general structure of 5 and 6 is
distinctly different from that of 2, 3 and [Zn4(OH)2Cl2-
(pko)4][24b] (these three complexes also have terminal pseu-
dohalide or chloride ligands like 5 and 6) emphasising the
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dependence of the product identity on the charge of the
complex (neutral vs. cationic).

The isothiocyanate analogue of compounds 2 and 3 is
not known, at least to date, and it is currently not evident
whether the preparation and stability of the neutral
[Zn4(OH)2X2(pko)4] clusters are dependent on the particu-
lar nature of the pseudohalide ligand. Work is in progress
to clarify this matter, and the use of SeCN– and N(CN)2

–

is planned. The PhCO2
–, N3

–, NCO– and acac– terminal
ligands present in 1–4 could have future utility as sites for
facile incorporation of other monodentate/bidentate ligands
by metathesis, or as a means to access higher-nuclearity
neutral or cationic Zn clusters using bis(monodentate)/
bis(bidentate) bridging ligands, including aromatic hetero-
cycles and dicarboxylates.

Results at the time of writing reveal that the nature of
pko– makes it a versatile ligand for a variety of objectives/
advantages, including μ3 behaviour, high-nuclearity cluster
formation with a variety of 3d-, 4d- and 5d-metals, linking
of clusters into polymeric arrays, 3d-4f mixed-metal chemis-
try and ferromagnetic exchange interactions. Clearly, the
use of other polypyridyl oximes offers a potential route to
other new clusters, and such studies − already well ad-
vanced − will be reported in due course.

Experimental Section
Materials and Physical Measurements: All manipulations were per-
formed under aerobic conditions using materials and most solvents
as received. DMF and MeOH were distilled from CaH2 and Mg,
respectively; they were both stored over molecular sieves (3 Å).
Zn(O2CPh)2·2H2O was prepared by the reaction of Zn(O2CMe)2·
2H2O with an excess of PhCO2H in CHCl3 under reflux. C, H and
N elemental analyses were performed with Perkin–Elmer 240B and
EA 108 Carlo Erba analyzers. Zn was determined for some com-
plexes by atomic absorption with a Perkin–Elmer 1100B spectro-
photometer. IR spectra were recorded with Perkin–Elmer PC 16
and 1650 FT-IR spectrometers with samples prepared as KBr pel-
lets.

[Zn4(OH)2(O2CPh)2(pko)4]·3MeCN (1·3MeCN) or {(OH)2[inv12-
MCZnIIN(pko)-4](O2CPh)2}·3MeCN: Treatment of a stirred, colour-
less solution of Hpko (0.120 g, 0.60 mmol) in MeCN (20 mL) with
Et3N (0.100 mL, 0.72 mmol) resulted in a pale-yellow solution. So-
lid Zn(O2CPh)2·2H2O (0.207 g, 0.60 mmol) was slowly added to
this solution and it soon dissolved to give an essentially colourless
solution. The filtered solution was allowed to slowly concentrate
by solvent evaporation at room temperature for a period of 3–4 d.
Well-formed colourless cubes appeared which were collected by fil-
tration, washed with ice-cold MeCN (5 mL) and Et2O (2.5 mL),
and dried in air. Yield (based on the oxime): 0.130 g (65%). The
dried solid was analysed as MeCN-free 1. C58H44N12O10Zn4

(1330.7): calcd. C 52.35, H 3.34, N 12.63; found C 52.51, H 3.40,
N 12.49. The obtained crystals were good diffractors of X-rays, as
long as they were kept in contact with the mother liquor to prevent
solvent loss. Selected IR data (KBr pellet): ν̃ = 3414 cm–1 (m,
broad), 1596 (s), 1566 (s), 1366 (s) 1214 (m) cm–1.

[Zn4(OH)2(N3)2(pko)4]·4DMF (2·4DMF) or {(OH)2[inv12-
MCZnIIN(pko)-4](N3)2}·4DMF: a solution of NaN3 (0.065 g,
1.00 mmol), Hpko (0.398 g, 2.00 mmol) and NaOH (0.080 g,
2.00 mmol) in DMF (50 mL) was added to a stirred solution of
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Zn(NO3)2·4H2O (0.523 g, 2.00 mmol) in the same solvent (50 mL).
The resulting colourless solution was stirred for 1 h, filtered and
then allowed to very slowly concentrate at room temperature for a
period of 15 d. X-ray quality colourless crystals formed, which were
collected by filtration, washed with Et2O (5 mL) and dried in air.
Yield (based on the oxime): 0.51 g (70%). C56H62N22O10Zn4

(1464.8): calcd. C 45.92, H 4.27, N 21.04, Zn 17.85; found C 46.10,
H 4.17, N 19.44, Zn 18.80. The crystals of 2·4DMF were found to
be slightly hygroscopic, and they were kept in the mother liquor
until a suitable crystal had been found for X-ray crystallography.
Selected IR data (KBr pellet): ν̃ = 3386 cm–1 (m, broad), 2070 (s),
1672 (s), 1596 (s), 1218 (s), 640 (w) cm–1.

[Zn4(OH)2(NCO)2(pko4]·3DMF·H2O (3·3DMF·H2O) or {(OH)2-
[inv12-MCZnIIN(pko)-4](NCO)2}·3DMF·H2O: A solution of NaOCN
(0.065 g, 1.00 mmol), Hpko (0.398 g, 2.00 mmol) and NaOH
(0.080 g, 2.00 mmol) in MeOH (50 mL) was added to a stirred solu-
tion of ZnCl2 (0.273 g, 2.00 mmol) in the same solvent (50 mL).
The resulting solution was stirred vigorously for about 1 h, filtered
and then DMF (50 mL) was added. The new colourless solution
obtained was allowed to concentrate by solvent evaporation at
room temperature for about 10 d. Well-formed colourless crystals
appeared, which were collected by filtration, washed with Et2O
(2×3 mL) and dried in air. Yields (based on the oxime) as high as
0.48 g (68%) were obtained. C55H57N17O12Zn4 (1409.65): calcd. C
46.86, H 4.08, N 16.90, Zn 18.55; found C 47.10, H 3.73, N 16.85,
Zn 19.06. The crystal selected for X-ray crystallography was kept
in contact with the mother liquor to prevent H2O loss. Selected IR
data (KBr pellet): ν̃ = 3400 cm–1 (m, broad), 2236 (s), 1665 (s),
1595 (s), 1216 (s), 638 (w) cm–1.

[Zn4(OH)2(acac)2(pko)4]·4CH2Cl2 (4·4CH2Cl2) or {(OH)2[inv12-
MCZnIIN(pko)-4](acac)2}·4CH2Cl2: A solution of Hpko (0.040 g,
0.20 mmol) in CH2Cl2 (10 mL) was added dropwise to a colourless
slurry of Zn(acac)2·H2O (0.052 g, 0.18 mmol) in the same solvent
(15 mL). No noticeable colour change occurred. The mixture was
refluxed under vigorous stirring for 15–20 min, a small quantity of
undissolved material was removed by filtration and the filtrate lay-
ered with Et2O (20 mL). Slow mixing gave X-ray quality crystals
of 4·4CH2Cl2. The crystals were collected by filtration, washed with
cold CH2Cl2 (5 mL) and Et2O (2×5 mL) and dried in air. Yield
(based on ZnII): 0.036 g (63%). The dried solid was analysed as
CH2Cl2-free 4. C54H48N12O10Zn4 (1286.7): calcd. C 50.40, H 3.77,
N 13.07; found C 50.53, H 3.71, N 13.00. The obtained crystals
were stable as long as they were kept in contact with the mother
liquor to prevent CH2Cl2 loss. Selected IR data (KBr pellet): ν̃ =
3378 cm–1 (m, broad), 1594 (m), 1518 (s), 1222 (m) cm–1.

[Zn5Cl2(pko)6][ZnCl(NCS)3]·2.5H2O·1.5MeOH (5·2.5H2O·
1.5MeOH) and [Zn5(NCS)2(pko)6(MeOH)][Zn(NCS)4]·2.5H2O·
MeOH (6·2.5H2O·MeOH) as a Mixture: A solution of NaSCN
(0.081 g, 1.00 mmol), Hpko (0.398 g, 2.00 mmol) and NaOH
(0.080 g, 2.00 mmol) in MeOH (50 mL) was added to a stirred solu-
tion of ZnCl2 (0.273 g, 2.00 mmol) also in MeOH (50 mL). The
resulting colourless solution was stirred for 1 h and during this time
its colour turned to pale yellow. The pale-yellow solution was fil-
tered and allowed to slowly concentrate by solvent evaporation at
room temperature. After several days, an approximately 1:3 mixture
of colourless prisms and pale-yellow needles formed. The crystals
were carefully collected by filtration. The two products were readily
separable manually, and the colourless and pale-yellow crystals
proved by single-crystal X-ray crystallography to be complexes
5·2.5H2O·1.5MeOH and 6·2.5H2O·MeOH, respectively. A batch of
colourless crystals were used for analyses and IR spectroscopy. The
dried (in air) sample was analysed as MeOH-free 5·2.5H2O.
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C69H53Cl3N21O8.5S3Zn6 (1907.2): calcd. C 43.45, H 2.81, N 15.43;
found C 43.67, H 2.77, N 15.36. Selected IR data (KBr pellet): ν̃
= 3330 cm–1 (m, broad), 2076 (s), 1597 (s), 1214 (m) cm–1.

[Zn5(NCS)2(pko)6(MeOH)][Zn(NCS)4]·2.5H2O·MeOH (6·2.5H2O·
MeOH). Method A: A colourless solution of Hpko (0.060 g,
0.30 mmol) and NaSCN (0.024 g, 0.30 mmol) in MeOH (25 mL)
was added to a colourless solution of Zn(O2CMe)2·2H2O (0.085 g,
0.39 mmol) in the same solvent (10 mL). The resulting pale-yellow
solution was stirred for about 10 min and was then allowed to
stand undisturbed in a closed flask at room temperature for 2 d.
Well-formed pale-yellow crystals appeared, which were collected by
filtration, washed with ice-cold MeOH (5 mL) and Et2O (2×5 mL),
and dried in air. Yield (based on the oxime): 0.083 g (83%). The
crystals, which were kept in contact with the mother liquor to pre-
vent MeOH loss, had identical unit-cell dimensions with those
identified as 6·2.5H2O·MeOH in the above-mentioned experiment.
The dried solid was analysed as MeOH-free 6·2.5H2O.
C73H57N24O9.5S6Zn6 (2007.2): calcd. C 43.68, H 2.87, N 16.75;
found C 44.32, H 2.86, N 16.51. Selected IR data (KBr pellet): ν̃
= 3415 cm–1 (m, broad), 2074 (s), 1596 (s), 1216 (w) cm–1. Method
B: A suspension of compound 5·2.5H2O (0.191 g, 0.10 mmol) in
warm MeOH/H2O (40 mL, 10:1, v/v) was treated with an excess of
NaSCN (0.041 g, 0.50 mmol). The mixture was stirred overnight at
45 °C, filtered to remove some undissolved starting material, and
then allowed to stand undisturbed in closed vials at room tempera-
ture. Pale-yellow crystals formed within 12 h, and these were col-
lected by filtration and washed with cold MeOH. Yield (based on

Table 11. Crystal data and structure refinement for [Zn4(OH)2(O2CPh)2(pko)4]·3MeCN (1·3MeCN), [Zn4(OH)2(N3)2(pko)4]·4DMF
(2·4DMF) and [Zn4(OH)2(NCO)2(pko4]·3DMF·H2O (3·3DMF·H2O).

1·3MeCN 2·4DMF 3·3DMF·H2O

Empirical formula C64H35Zn4N15O10 C56H62Zn4N22O10 C55H57Zn4N17O12

Formula mass 1453.70 1464.76 1409.65
Colour and habit colourless cubes colourless prisms colourless prisms
Crystal size [mm] 0.45×0.30×0.15 0.55×0.25×0.15 0.25×0.20×0.15
Crystal system triclinic monoclinic monoclinic
Space group P1̄ P21/c P21/c
a [Å] 12.108(6) 11.905(5) 11.886(5)
b [Å] 11.956(6) 17.660(6) 17.732(9)
c [Å] 13.251(6) 15.833(6) 15.812(7)
α [°] 67.39(2) 90 90
β [°] 83.02(2) 93.14(1) 92.53(1)
γ [°] 73.08(2) 90 90
V [Å3] 1694(2) 3324(2) 3329(3)
Z 1 2 2
ρcalcd. [g cm–3] 1.425 1.464 1.388
T [°C] 25 25 25
λ(Mo-Ka) [Å] 0.71073 0.71073 0.71073
μ [mm–1] 1.466 1.497 1490
F(000) 742 1504 1444
2θmax [°] 50.00 50.00 50.02
Index ranges –14 � h � 14 –14 � h � 13 –14 � h � 13

–13 � k � 14 –21 � k � 0 0 � k � 21
0 � l � 15 –18 � l � 0 0 � l � 18

No. of reflections collected 6242 5586 5859
No. of indep. refl./Rint. 5958/0.0199 5384/0.0186 5584/0.0224
Data with I � 2σ(I) 4621 4062 4000
Parameters refined 495 465 398
[Δ/σ]max 0.023 0.003 0.003
GOF(on F2) 1.058 1.095 1.083
R1

[a] 0.0486 0.0449 0.0728
wR2

[b] 0.1355 0.1134 0.2038
Residuals [eÅ–3] 0.517/–0.525 0.573/–0.545 0.985/–0.785

[a] R1 = Σ(|Fo| – |Fc|)/Σ(|Fo|). [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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5·2.5H2O): 0.070 g (35%). The product was identified by micro-
analyses and IR comparison with material from method A.

X-ray Crystallographic Studies: Crystals of 1·3MeCN, 2·4DMF,
3·3DMF·H2O, 4·4CH2Cl2, 5·2.5H2O·1.5MeOH and
6·2.5H2O·MeOH were mounted in capillaries filled with drops of
mother liquor. Diffraction measurements for 1·3MeCN, 2·4DMF,
3·3DMF·H2O and 6·2.5H2O·MeOH were carried out with a Crys-
tal Logic Dual Goniometer diffractometer using graphite-mono-
chromated Mo-Kα radiation. The X-ray data sets for 4·4CH2Cl2
and 5·2.5H2O·1.5MeOH were collected with a P21 Nicolet dif-
fractometer upgraded by Crystal Logic using graphite-monochro-
mated Cu-Ka radiation. Complete crystal data and parameters for
data collection and refinement are listed in Tables 11 and 12. Unit-
cell dimensions were determined and refined by using the angular
settings of 25 automatically centred reflections in the ranges 11° �

2θ � 23° (for 1·3MeCN, 2·4DMF, 3·3DMF·H2O and
6·2.5H2O·MeOH) and 22° � 2θ � 54° (for 4·4CH2Cl2 and
5·2.5H2O·1.5MeOH). Intensity data were recorded using the θ-2θ
scan method. Three standard reflections monitored every 97 reflec-
tions showed less than 3% variation and no decay. Lorentz, polaris-
ation and Ψ-scan absorption (for 3·3DMF·H2O, 4·4CH2Cl2,
5·2.5H2O·1.5MeOH and 6·2.5H2O·MeOH) corrections were ap-
plied using the Crystal Logic software package.

The structures were solved by direct methods using SHELXS-
86[52a] and refined by full-matrix least-squares techniques on F2

with SHELX-93[52b] (1·3MeCN, 4·4CH2Cl2 and
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5·2.5H2O·1.5MeOH) or SHELX-97[52c] (2·4DMF, 3·3DMF·H2O
and 6·2.5H2O·MeOH). For 2·4DMF almost all hydrogen atoms
were located by difference maps and were refined isotropically,
whereas for 3·3DMF·H2O, 5·2.5H2O·1.5MeOH and
6·2.5H2O·MeOH all hydrogen atoms were introduced at calculated
positions as riding on their parent atoms. For 1·3MeCN and
4·4CH2Cl2 some hydrogen atoms were located by difference maps
and were refined isotropically, and some were introduced at calcu-
lated positions as riding on bonded atoms. For example, in
4·4CH2Cl2 all hydrogen atoms were located by difference maps and
were refined isotropically, except those of the methyl groups of the
acac– ligand which were introduced at calculated positions as riding
on their parent carbon atoms. All non-hydrogen atoms of
4·4CH2Cl2 were refined anisotropically. For the remaining struc-
tures, almost all non-hydrogen atoms were refined anisotropically.
One of the solvate MeCN molecules of 1·3MeCN was refined with
occupation factor 0.50. For 2·4DMF, one of the crystallographi-
cally independent solvate DMF molecules was refined isotropically;
thus, no hydrogen atoms for that molecule were included. For
3·3DMF·H2O, one DMF and the H2O solvate molecules were re-
fined isotropically with occupation factors fixed to 10.5; no hydro-
gen atoms for these solvate molecules were included in the refine-
ment. All the solvate molecules of 5·2.5H2O·1.5MeOH and the
H2O molecules of 6·2.5H2O·MeOH were refined isotropically.
CCDC-254415 (1·3MeCN), -254416 (2·4DMF), -254417
(3·3DMF·H2O), -254418 (4·4CH2Cl2), -254419
(5·2.5H2O·1.5MeOH) and -254420 (6·2.5H2O·MeOH) contain the

Table 12. Crystal data and structure refinement for [Zn4(OH)2(acac)2(pko)4]·4CH2Cl2 (4·4CH2Cl2), [Zn5Cl2(pko)6][ZnCl(NCS)3]·
2.5H2O·1.5MeOH (5·2.5H2O·1.5MeOH) and [Zn5(NCS)2(pko)6(MeOH)][Zn(NCS)4]·2.5H2O·MeOH (6·2.5H2O·MeOH).

4·4CH2Cl2 5·2.5H2O·1.5MeOH 6·2.5H2O·MeOH

Empirical formula C58H56Zn4N12O10Cl8 C70.5H59Zn6N21O10S3Cl3 C74H61Zn6N24O10.5S6

Formula mass 1626.22 1955.14 2039.05
Colour and habit colourless plates colourless prisms pale yellow needles
Crystal size [mm] 0.35×0.15×0.08 0.08×0.14×0.30 0.22×0.34×0.70
Crystal system triclinic triclinic monoclinic
Space group P1̄ P1̄ P21/n
α [Å] 12.786(2) 18.552(3) 17.371(6)
b [Å] 13.439(2) 17.569(2) 30.14(1)
c [Å] 12.322(2) 16.493(2) 17.894(6)
α [°] 63.22(1) 105.87(1) 90
β [°] 67.19(1) 104.42(1) 103.65(1)
γ [°] 78.15(1) 105.50(1) 90
V [Å3] 1741.2(5) 4672.4(11) 9105(5)
Z 1 2 4
ρcalcd. [g cm–3] 1.551 1.390 1.487
T [°C] 25 25 25
λ(Mo-Ka) [Å] 0.71073
λ(Cu-Ka) [Å] 1.54180 1.54180
μ [mm–1] 4.907 3.614 1.760
F(000) 824 1976 4132
2θmax [°] 124.90 102.08 45.60
Index ranges –13 � h � 11 –18 � h � 17 –18 � h � 18

–13 � k � 14 –14 � k � 17 0 � k � 32
0 � l � 13 0 � l � 16 –19 � l � 0

No. of reflections collected 4728 10 307 12 767
No. of indep. refl./Rint. 4499/0.0580 9758/0.0328 12 311/0.0121
Data with I � 2σ(I) 3372 6712 9178
Parameters refined 488 1025 1098
[Δ/σ]max 0.013 0.009 0.013
GOF(on F2) 1.061 1.052 1.072
R1

[a] 0.0723 0.0665 0.0468
wR2

[b] 0.1991 0.1838 0.1329
Residuals [eÅ–3] 1.058/–0.809 0.995/–0.516 0.882/–0.605

[a] R1 = Σ(|Fo| – |Fc|)/Σ(|Fo|). [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1964–19781976

supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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