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The aim of the work described here was to test the general
applicability of our recently reported route to cluster hel-
icates and to carry out a systematic study to relate the struc-
tural and coordinative properties of the organic strands with
the microarchitectures of the resulting cluster helicates. Nine
new Zn', Cu' and Ag' complexes were prepared from three
Schiff base ligands [H,L*: bis(4-methyl-3-thiosemicarb-
azone)-2,6-diacetylpyridine; H,LP: bis(4-methyl-3-thiosemi-
carbazone)-2,6-diacetylbenzene; H,L® bis(4-ethyl-3-thio-
semicarbazone)-2,6-diacetylbenzene]. The experimental
data confirm that Ag' and Cu! tetranuclear cluster helicates
were obtained with a [My(L¥),] stoichiometry, and this find-

ing demonstrates the general applicability of the synthetic
route. The cluster helicates presented in this work were char-
acterized for the first time in solution by NMR spectroscopy.
In addition, six of the nine complexes were characterized by
X-ray diffraction studies, and three of them were found to be
tetranuclear cluster helicates. A detailed study of these three
crystal structures leads us to state that the changes intro-
duced in the organic strands do not prevent the assembly
of the tetranuclear cluster dihelicates, but they do affect the
microarchitectures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

In the intensive research carried out over the last ten
years, hundreds of helical metallosupramolecular com-
plexes have been reported in the literature, and several re-
views on these compounds and their properties have been
written.['#l As a result of these works, it is possible to af-
firm that the principles necessary for the construction of
such systems are now fairly well established. However, com-
plications associated with the simultaneous coordination of
more than three metal ions with organic strands has limited
most helicates to di- or trinuclear species.l”! There are some
strategies for the construction of helical complexes with
high nuclearity, but only a few examples of polynuclear hel-
icates have been described in the literature.[) In this context,
we recently reported a synthetic method for the construc-
tion of a new variety of multimetallic helicates, the cluster
helicates,V which we defined as polynuclear helicates in
which the metal centres are arranged forming a polyhedron
around the helical axis. The interest in this new family of
supramolecular compounds results from the blend of the
emerging applications of helicates!®! and the synergistic
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properties arising from metal ions in cluster compounds,®
combined with the well-known advantages of the supramo-
lecular synthetic techniques (structural control, versatility,
etc.).l'% The preliminary study!”! left many unresolved issues
and these included (1) the general applicability of our syn-
thetic strategy, (2) the detailed structural characterization
of the cluster helicates in solution and (3) the elucidation
of the principles involved in the assembly of these supramo-
lecular species, which would eventually allow predictive
control over the microarchitectures of the final compounds.

In an attempt to address these issues, we decided to test
the route to cluster helicates with ligands H,L#,[11al H,LbP
and H,L¢ (Scheme 1). Our aim was to assess the applica-
bility of the synthetic route and to carry out a systematic
study in order to relate the structure and donor properties
of the organic strand with the microarchitecture of the as-
sembled cluster helicates. Herein we report the conclusions
of this study.

< NH @ HNS SN HN
N N N. . N
SN NN N s S)\N Na ZANTEN
H H H H
H,L H,L®
“NH & HNT ONH HNT
N A N. N N.
SEONTRYTNT YN N s S&J\N S 2N
H H H H
HoL? H,L®
Scheme 1.
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Results and Discussion

Design of the Ligands

The variety of ligands proposed, denoted H,L"*, is illus-
trated in Scheme 1. Initially, we checked the route with the
bis(4-methyl-3-thiosemicarbazone)-2,6-diacetylpyridine
(H,L#) ligand.l''al H,L? has the same architecture that of
H,L,[''°1 with the only difference concerning the terminal
alkyl chains: whereas H,L has ethyl moieties, H,L* contains
methyl groups. The aim of this change is to determine the
way in which a less bulky terminal group influences the as-
sembly process and the structure of the resulting “cluster
helicates”. In a second step, we used the bis(4-methyl-3-
thiosemicarbazone)-2,6-diacetylbenzene (H,LP) ligand. The
terminal methyl arms of H,L?® are maintained in H,LP but
with a very important coordinative difference: the presence
of a benzene ring instead of the central pyridine spacer.
Although the m-electron delocalization in both systems is
similar,l'?! the lone pair of electrons of the N atom makes
pyridine capable of acting as a Lewis base. This fact could
be of great importance, because it should affect the coordi-
native properties of the ligand strand in forming dihelicates,
as the pyridine atom of H,L was found to coordinate to the
Zn"" metal centres in [Zn,(L,)].l”! Finally, we synthesized the
bis(4-ethyl-3-thiosemicarbazone)-2,6-diacetylbenzene
(H,L°) ligand. H,L® maintains the terminal ethyl arms of
H,L, but it has the benzene spacer of H,LP.

These three ligands were synthesized by following a pre-
viously described method.['"-13] The compounds were char-
acterized satisfactorily by elemental analysis, IR spec-
troscopy, mass spectrometry and 'H and '*C NMR spec-
troscopy (see Experimental Section).

Strategy To Generate the Metal Complexes

The first step of our strategy was the preparation of the
metal(I1) dinuclear dihelicate derivatives of H,L~. Once the
ability of these ligands to form [M,(L*),] helicates had been
established, we proceeded to explore the possibility of in-
creasing the nuclearity of these dinuclear species in an effort
to obtain neutral dihelical compounds with a [M4(L¥),]
stoichiometry by substituting the divalent metal centres by
metal(I) ions.[”l We reasoned that if two doubly deproton-
ated (L¥)> units are able to stabilize a neutral [M4(L¥),]
complex, this [My(L*),] complex will have a double-helical
microarchitecture, as H,L" is able to form dihelicates.

The zinc and silver complexes were synthesized by elec-
trochemical oxidation of the corresponding metal anode in
the presence of ligands H,L?, H,L? and H,L¢ in an organic
solvent.!*! The electrochemical efficiency of the cell was
close to 0.5molF! for the zinc complexes and close to
1.0 mol F! for the silver compounds. These values are com-
patible with the following reaction schemes:

Cathode: 2 H,L* + 4 ¢ — 2 (LY + 2 H,
Anode: 2 (LY)* + 2 Zn — [Zny(L¥),] + 4 &
Anode: 2 (L)* + 4 Ag — [Agu(LY),] + 4 ¢

Eur. J. Inorg. Chem. 2008, 3852-3863

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

The copper(I) complexes were obtained when the ligands
were treated with [Cu(CH;CN)4]PFg4 in hot acetonitrile un-
der an argon atmosphere. In the case of the copper com-
pound with the H,L? ligand, this complex could also be
obtained by electrochemical synthesis. In order to avoid the
oxidation of copper(I) to copper(Il) a vigorous nitrogen
stream was passed through the reaction mixture.

In each instance, the precipitate formed during the reac-
tion was isolated. The solids (yellow for zinc and silver com-
plexes, and brown for copper ones) were fully characterized
by elemental analysis, IR spectroscopy, ESI mass spectrom-
etry, conductivity measurements and magnetic moments,
"H NMR spectroscopy and, where possible, X-ray diffrac-
tion.

The metal complexes prepared seem to be air stable in
the solid state with melting points over 300 °C. Elemental
analysis data (see Experimental Section) for the complexes
indicate that the H,L~ ligands (H,L?, H,L? and H,L¢) react
with zinc, copper and silver metals to afford complexes of
general stoichiometry [Zn,(LY),], [Cus(L*),] and [Ag4(LY)],
suggesting that these complexes are neutral Zn'', Cu' and
Ag' species, respectively. In these compounds, each ligand
unit behaves as a doubly deprotonated system (L*)>".

This formulation is also supported by molar conductivity
measurements for all the complexes in 1.0 mm acetone or
DMEF solutions, which are in the range 2-10 Q! cm?mol !,
indicating the nonelectrolytic nature of these complexes. ']

Magnetic measurements were performed at room tem-
perature for the copper complexes. The magnetic moments
of these materials are close to zero, thus confirming the +1
oxidation state for the central atom.

IR and ESI Mass Spectra

The assignments for the infrared spectra of ligands H,L~*
and their metal complexes are presented in the Experimen-
tal Section. These data support the coordination of the li-
gands to the metal ions. The partial deprotonation of these
ligands is evidenced by the disappearance of some v(NH)
bands present in the IR spectra of the free ligands.[”-!1-1¢]
The bands corresponding to the v(C=N) + v(C-N) modes
appear slightly shifted in all complexes, indicating coordina-
tion through the azomethine nitrogen atom.!'”l The v(C=S)
bands of these ligands are slightly shifted in the spectra of
the complexes, and this, together with the absence of bands
due to the SH group between 2600 and 2500 cm™!, indicates
the coordination of the ligands to the metal centres through
the thiolate sulfur atom.!'8!

ESI mass spectrometry has proven to be a useful tool to
investigate the presence of supramolecular species in solu-
tion.['] In particular, this method can be useful when the
powdery or poorly crystalline nature of the complexes pre-
cludes X-ray characterization. The data obtained from the
ESI mass spectra are given in the Experimental Section.
Copper and silver complexes show peaks assigned to the
[M4(L¥),]* fragments, indicating the coordination of two li-
gand units to the four metal centres. Furthermore, other
3853
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peaks attributable to unstable species, such as [M(L*)]* and
[M,(LM)]*, are also present. Because the fragmentation
pattern in the spectra of the [Cuy(L*),] and [Ag4(L*),] com-
plexes 5, 6 and 8 is similar to that described for 2, 3 and
9, which were crystallographically solved, we can suggest a
tetranuclear nature for these complexes.

Peaks due to the [M,(L*),]" fragment were detected for
the zinc complexes. Other minor peaks, which can be attrib-
uted to the monomeric [M(L¥)]" species, are also present.
The similarities between the spectra of complexes 1, 4 and
7 allow us to propose a dinuclear nature for these new zinc
derivatives.

NMR Spectroscopy

The main signals observed in the 'H NMR spectra of
the H,L* ligands and their zinc, copper and silver com-
plexes are given in the Experimental Section. With the aim
of performing a comparative study, the spectrum for zinc
complex 1 was recorded again. It must be noted that, in the
case of the copper(I) complexes described in this paper, only
the spectrum for complex 8 could be recorded, as the other
complexes were found to be unstable in DMSO solutions.

Comparison of the "H NMR spectra of the free ligands
with those of the complexes (see Figures 1, 2 and 3) allows
us to highlight some general behaviour patterns for all of
these systems: (1) Double deprotonation of the H,L* li-
gands in the metal complexes is evident as the amine proton
signals (H;) disappear.”®! (2) The signal due to the NH-R
group (H?) remains in the spectra of these complexes, thus
confirming the double deprotonation. Moreover, the coor-
dination of these ligands to the metal centres leads to a
significant shift of these signals to higher field. The con-
siderable upfield shift displayed by H?> was previously ob-
served and could be the result of strong hydrogen bonds
involving the NH and thioamide nitrogen groups. (3) The
influence of the coordination on the chemical shift of the
aromatic proton signals is also reflected in the spectra: (i)
the signal for the H* proton, which is located in the head
of the pyridine or benzene ring, is slightly shifted; (ii) in
contrast, the H? proton resonance shows a more marked
upfield displacement in all complexes; (iii) the displace-
ments shown by H* and H? give rise to an exchange of the
relative positions of H*> and H* in the case of L? systems,
as observed previously, which could be indicative of the co-
ordination of the metal centres to the pyridine nitrogen
atom;?!! (iv) in the case of complexes derived from ligands
LY and L€, which contain benzene instead of the pyridine
ring, the signal due to the H> proton is strongly affected by
coordination and downfield displacements are observed
with respect to the free ligands.

In order to obtain information that can be used as a
guideline for the different behaviour of dinuclear and tetra-
nuclear complexes in solution, some interesting findings in
the zinc, copper and silver complexes spectra will be high-
lighted and discussed: (1) Comparison of the 'H NMR
spectra of zinc complexes with those of copper and silver
3854
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Figure 1. 'TH NMR spectra in [Dg]DMSO for H,L? and silver and
zinc complexes.
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systems allows us to draw very interesting conclusions: in
the spectra of zinc complexes 4 and 7 (see Figures 2 and 3)
the resonances due to H> and H? appear to be split, indicat-
ing that the two thiosemicarbazone arms of the ligands are
not equivalent when they coordinate to both metal centres.
However, the tetranuclear complexes of silver and copper
only exhibit one set of signals, revealing that the two arms
of the ligands are equivalent upon coordination to the
metal centres. Furthermore, the spectra of silver and copper
complexes are very similar, as one would expect, because
both types of complexes have the same structure in the solid
state. (2) Nevertheless, the spectra registered for zinc and
silver complexes with ligand L? (see Figure 1) are very sim-
ilar and do not allow us to draw any conclusions, except to
corroborate ligand coordination to the metal centres.
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Figure 2. '"H NMR spectra in [Dg]DMSO for H,LP and silver and
zinc complexes.
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Figure 3. '"H NMR spectra in [Dg]DMSO for H,L¢ and copper,
silver and zinc complexes.

In conclusion, it seems that '"H NMR spectroscopy could
be a useful tool to distinguish between mesocate complexes
(in the case of zinc) and tetranuclear cluster dihelicates (for
copper and silver).

X-ray Diffraction Studies

Crystals of 2, 3, 4, 7 and 9 suitable for study by X-ray
diffraction were obtained. The most important results of
the structural study for these complexes are described be-
low.

Metal Complexes with L*

We recently described the synthesis and structural char-
acterization of some complexes derived from the H,L? li-
gand.l''8] In particular, we reported the crystal structure of
the Zn'" derivative [Zn,(L?),]'EtOH-2H,O (1; Figure 4), a
common [6+4] double-stranded dinuclear helicate. The
structure of 1 is very similar to that of the Zn!' dihelicate
derived from H,L.”? One Zn" centre is tetracoordinate in a
tetrahedral mode by two imine nitrogen atoms and two
thiolate sulfur atoms from two different dianionic ligand
strands (L#*)>". The other Zn" ion is hexacoordinate in a
distorted octahedral mode by two pyridine nitrogen atoms,
two imine nitrogen atoms, and two thiolate sulfur atoms.
This coordination is achieved by symmetrical intertwining
of the two ligand strands along the helical axis (Zn--Zn:
3.90 A).

Eur. J. Inorg. Chem. 2008, 3852-3863
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Figure 4. Top: Molecular structure of the dihelicate complex
[Zn,(L*),]'EtOH-2H,0 (1),['" with the two strands of (L*)>" lab-
elled as A and B. Thermal ellipsoids are drawn at the 40% prob-
ability level and hydrogen atoms are omitted for clarity. Bottom:
Ball-and-stick representation of 1.

It has been proven that H,L* has a dianionic and hel-
icand character, and in addition, it is equipped with two
soft thiolate donor atoms, which should allow the helicate
assembly (dinuclear dihelical vs. tetranuclear dihelical) to
be controlled through the selection of the oxidation state of
the metal centres.[”-2%

Recrystallization from acetonitrile of the brown solid re-
sulting from the synthesis of the copper(I) complex leads to
single crystals of [Cuyu(L*),]'2CH3CN (2), which were
studied by X-ray diffraction. ORTEP and ball-and-stick
views of 2 are shown in Figure 5. Experimental details are
presented in the Experimental Section. The structure re-
veals the formation of the double-stranded tetranuclear
cluster helicate [Cuy(L?),] solvated by two molecules of
CH;CN. A racemic mixture of both enantiomers is present
in the unit cell.

Each copper(I) ion is bound to one imine nitrogen atom
and to two thiolate atoms, one from each ligand strand.
The environment of the metal centres can be described as
distorted trigonal, with both ligands acting as N,»S, donors.
This distortion is shown by the angles between the nitrogen,
copper and sulfur atoms, which range from 85.0 to 145.7°.
The higher angles (143.0, 144.9, 145.3 and 145.7°) are those
between copper(l), the imine nitrogen atom of one of the
strands and the sulfur atom of the other. It must be noted
that the pyridine donor atoms of the two (L#)> units are
not involved in the coordination to the Cu' ions.
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Figure 5. Top: Molecular structure of the neutral tetranuclear clus-
ter helicate complex [Cuy(L?*),]-2CH;CN (2), with the two strands
of (L#)> labelled as A and B. Thermal ellipsoids are drawn at the
70% probability level and hydrogen atoms and solvent molecules
are omitted for clarity. Bottom: Ball-and-stick representation of 2.

A {CuysS,4} cluster occupies the central part of the dihel-
icate, with the two (L*)?> strands wrapped and intertwined
around it. The cluster consists of four Cu' ions linked to-
gether by four sulfur atoms. Each thiolate atom bridges two
Cu' ions and acts as a p,-donor. The dianionic nature of
the ligand strands is demonstrated by the bond lengths ob-
served for the thiourea moieties. In particular, the N, —Cpio
bond lengths (Nj;,, = terminal nitrogen atom of the thiourea
group; Cu,io = carbon atom of the thiourea group), which
range from 1.29 to 1.32 A, are shorter than those found for
the Nierm—Cinio bonds (N, = terminal nitrogen atom of
the thiourea group), which range from 1.34 to 1.35A. In
addition, the observed value for the S,;o—Cipnio distances
(1.76-1.77 A) indicates the single nature of these bonds. All
these data suggest a predominance of the N;,=Cinio—Stnio
resonance form in the complex, a finding that is consistent
with previous results.”]

The intermetallic Cu-+Cu distances in the [CuyS,] core
range from 2.64 to 2.86 A, and these are consistent with the
proposed existence of Cu—~Cu interactions.?>~23 Consider-
ation of these intermetallic connections would indicate that
the coordination number of the copper(l) ions should in-
crease from 3 to 6. The four copper ions of the metallic
central core define a distorted tetrahedron. This distortion
3856
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is clearly revealed by the values of the Cu+*Cu-+Cu bond
angles, which range from 56.50 to 64.84°.

The crystal structures of 2 and the Cu! tetranuclear clus-
ter dihelicate derived from the parent H,L ligand ([Cuy(L,)]:
4CH;CN)" seem to be very similar. However, comparison
of the structural information suggests that the metallic
[Cuy4] tetrahedron has a more compact structure in the
methyl-derived cluster dihelicate 2 than in the ethyl deriva-
tive.l’ As a result, the intermetallic Cu+Cu distances oscil-
late from 2.64 to 2.86 A in 2, whereas in [Cuy(L,)]-4CH;CN
they range from 2.67 to 2.88 A. Moreover, the intermetallic
bond angles of the central tetrahedron vary from 56.50 to
64.84° in 2, whereas in [Cuy(L,)]"4CH;CN the value fluctu-
ates from 57.16 to 65.09°. This slightly more compressed
metallic core in 2 could be the result of the lower level of
steric hindrance induced by the terminal methyl groups in
H,L* with respect to the ethyl groups of H,L, a difference
that allows the ligand strands to arrange themselves more
closely around the helical axis.

Once the Cu' cluster helicate with H,L* had been ob-
tained, we attempted the synthesis of the corresponding Ag'
derivative. Electrochemical oxidation!!¥l of a silver plate in
a conducting acetonitrile solution of H,L? resulted in a yel-
low solution from which a yellow solid precipitated upon
concentration under reduced pressure. Recrystallization of
this solid from acetonitrile in the absence of light provided
single crystals of [Ags(L*),] (3), which were characterized
by X-ray diffraction. The crystal structure of 3 consists of
an [Ag4S,] central metallic core with two deprotonated li-
gand strands (L?)?>~ wrapped around it in a helical fashion,
thus forming a double-stranded tetranuclear cluster helic-
ate. There are two different isomers of 3 in the asymmetric
unit of the crystal. One of them is symmetric (3,y,) and the
other is asymmetric (3,sym). There are four molecules of
3.sym for each 3, molecule in the unit cell. ORTEP and
ball-and-stick representations of the structure of 3, are
shown in Figure 6. Moreover, ORTEP and ball-and-stick
representations of the structure of the isomer 3, can be
found in the Supporting Information. Crystallographic data
for 3 are presented in the Experimental Section.

Each silver(I) ion is bound to an imine nitrogen atom
and a sulfur atom from one of the strands, and to a sulfur
atom from the other strand. The coordination geometry of
the four Ag' ions is distorted trigonal, as shown by the ob-
served angles between the imine, thiolate and silver atoms,
which range from 75.8 to 160.4° in 3,4, and from 76.2 to
159.1° in 3yy,. The pyridine donor atoms of the ligands
remain uncoordinated.

The observed bond lengths for the thiourea moieties
demonstrate the dianionic nature of the ligand strands
(NinCanio 1.29-1.31 A, Nigrm~Cinio 1.33-1.36 A, SnigCingo
1.75-1.77 A for 3,5m; NineCinio 1.29 A, Nierm—Cinio 1.37 A,
Sthio—Cinio 1.75 A for 3,ym) and suggest the predominance
of the N;,;=Cinio—Siio resonance form in the complex, as
found in [CuyL?,]-2CH;CN.

In the [AgsS4] central core, each thiolate sulfur atom
bridges two Ag! ions, which are located in the vertex of a
distorted tetrahedron. The Ag--Ag--Ag angles vary from

Eur. J. Inorg. Chem. 2008, 3852-3863
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Figure 6. Top: Molecular structure of the neutral tetranuclear clus-
ter helicate complex [Agy(L?)s] (3asym), With the two strands of
(L#)> labelled as A and B. Thermal ellipsoids are drawn at the
40% probability level and hydrogen atoms and solvent molecules
are omitted for clarity. Bottom: Ball-and-stick representation of

3asym~

57.894 to 63.243° in 3, and from 59.344 to 61.311° in
3¢m- The intermetallic Ag-Ag distances range from 2.99
to 3.14 A in 3asym and from 3.03 to 3.09 A in 3ym- These
lengths are significantly shorter than the sum of the
van der Waals radii for two silver atoms (van der Waals ra-
dius for Ag is 3.44 A) and suggest the existence of metal—
metal interactions.?*2° This hypothesis implies that the co-
ordination number of the Ag' ions in 3 should increase
from 3 to 6, which is quite unusual for this metal ion.

If we compare the intermetallic distances and angles
found in the two isomers of 3 with those found in the pre-
viously reported Ag' tetranuclear cluster dihelicate [Ag,L,]:
4DMSO (Ag---AgAg angles 54.74-65.41°; Ag--Ag dis-
tances 2.909-3.235 A), it can be concluded that the metallic
[Ag,] tetrahedra in 3, and 3., have a more compact
architecture. This fact can again be explained on the basis
of the lower level of steric hindrance induced by the methyl-
derived H,L? ligand, as explained above for the Cu' deriva-
tive with the same ligand.

Metal Complexes with L*

The Zn"' derivative of this ligand was obtained electro-
chemically as described previously. Recrystallization of the
resulting yellow solid from acetone yielded yellow crystals

Eur. J. Inorg. Chem. 2008, 3852-3863
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of [Zn,(LP),] (4), which were analyzed by X-ray diffraction.
ORTEP and ball-and-stick representations of 4 are shown
in Figure 7. Experimental details are presented in the Ex-
perimental Section.

N\

Figure 7. Top: Molecular structure of the mesocate complex
[Zn,(LP),] (4), with the two strands of (LP)> labelled as A and
B. Thermal ellipsoids are drawn at the 40% probability level and
hydrogen atoms are omitted for clarity. Bottom: Ball-and-stick rep-
resentation of 4.

This dinuclear Zn'! complex is formed by two dianionic
(L®)> bridging ligands that tetrahedrally coordinate both
Zn" centres with distorted geometries. Two pairs of imine—
thiolate donor atoms from two ligand molecules coordinate
each metal centre. Both tetrahedral metal environments are
heterochiral (A and A), and the ligands behave as helical
threads around each metal centre. As a result, the Zn!! com-
plex is achiral and thus can be termed as a meso-helical "]
box-likel?®! or side-by-side*”! complex, as well as a mesoc-
ate.’ This is one of the few crystallographically charac-
terized examples of a double-stranded meso-helicate de-
scribed in the literature.’®?%311 The Zn++Zn distance is
7.16 A, almost twice the intermetallic distance found in 1.

It seems that the pyridine nitrogen atom of the spacer
determines whether the building blocks assemble into a
double-stranded dihelicate or a meso-helical architecture. It
must be noted that in [6+4] dihelicates 1 and [Zn,(L),],["}
the pyridine nitrogen atoms of the two ligand strands are
coordinated to one of the two metal centres.

Although crystals suitable for X-ray diffraction studies
could not be obtained for the [Cuy(LP),] (5) complex, the
brown solid obtained in the corresponding synthesis was
identified and characterized by elemental analysis, IR spec-
troscopy, ESI spectrometry and magnetic and conductivity
measurements (see Experimental Section).

The electrochemical synthesis of the Ag! complex of this
ligand was also carried out. The yellow solid obtained was
characterized by elemental analysis, IR spectroscopy, ESI
mass spectrometry, 'H NMR spectroscopic studies and
3857
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conductivity measurements (see Experimental Section). In
view of these experimental data, a formula of [Ag,(L"),] (6)
was assigned. Unfortunately, we were unable to obtain sin-
gle crystals of these compounds that were appropriate for
X-ray studies.

Metal Complexes with L€

The electrochemical oxidation of a zinc plate in a con-
ducting acetonitrile solution of the H,L¢ ligand yielded a
yellow solution from which a yellow precipitate was iso-
lated. Recrystallization of this yellow solid from acetone
yielded yellow crystals of [Zn,(L°),]-0.5(C3HO) (7), which
were analyzed by X-ray diffraction. ORTEP and ball-and-
stick representations of the structure of 7 are shown in Fig-
ure 8. Experimental details are presented in the Experimen-
tal Section.

Figure 8. Top: Molecular structure of the mesocate complex
[Zn5(L¢),]:0.5(C3HgO) (7), with the two strands of (L€)>" labelled
as A and B. Thermal ellipsoids are drawn at the 50% probability
level and hydrogen atoms are omitted for clarity. Bottom: Ball-and-
stick representation of 7.

The structure of this achiral Zn" dinuclear complex is
very similar to that of complex 4, which was discussed
above. The complex is formed by two Zn'! ions tetrahe-
drally coordinated by two dianionic (L¢)> ligands, both
using their two pairs of imine—thiolate donor atoms in their
coordination to the metal centres. Both tetrahedral metal
environments are heterochiral, and so the complex can be
termed as a mesocate. The Zn--Zn distance is 6.908 A. It
should be noted that the crystal cell of 7 contains another
coordination isomer, where the two zinc(II) ions are coordi-
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nated to the hydrazine nitrogen atoms instead of the imine
ones. A stick representation of this structure is included in
the Supporting Information.

This crystal structure proves unequivocally that the pres-
ence of the pyridine nitrogen atom in the spacer in this class
of ligand is crucial for the formation of Zn'! dihelicates.

The Cu' complex of H,L¢ was synthesized in the usual
way. The brown solid isolated after the work up of the reac-
tion mixture was characterized by the habitual techniques
(see Experimental Section) and identified as the complex
[Cua(LO)] (8).

Finally, the electrochemical oxidation of a silver plate in
a conducting acetonitrile solution of the H,L® ligand gave
rise to a pale-yellow solution. Slow evaporation of this solu-
tion, in the absence of light, provided yellow single crystals
that were isolated and identified as the compound of for-
mula [Agy(L°),] (9).

ORTEP and ball-and-stick representations of 9 are
shown in Figure 9. Experimental details are presented in
the Experimental Section. It must be noted that the data
for this crystal do not have the same level of quality as
those for the other crystals reported in this work. As a re-
sult, there is some disorder in the ethyl terminal moieties of

Figure 9. Top: Molecular structure of the neutral tetranuclear clus-
ter helicate complex [Ag4(L°),] (9), with the two strands of (L¢)*
labelled as A and B. Thermal ellipsoids are drawn at the 40% prob-
ability level and hydrogen atoms and solvent molecules are omitted
for clarity. Bottom: Ball-and-stick representation of 9.
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the ligand, but we believe that this does not bring into ques-
tion the effective formation of the tetranuclear cluster helic-
ate or the accuracy of the bond lengths and angles found
in the crystal structure.

The structure contains four Ag' ions and two doubly de-
protonated thiosemicarbazone ligands. The Ag! centres oc-
cupy three-coordinate distorted trigonal environments, in
which each metal is bound by one imine nitrogen atom and
by two thiolate sulfur atoms from different ligands. Thus,
both ligands act as N,S, donors. All the Ag' centres show
distortion from an ideal trigonal geometry, as seen in the
angles between the nitrogen, silver and sulfur atoms, which
range from 78.1 to 147.7°. The four metal centres form an
[AgsS4] central core and each thiolate sulfur atom bridges
two Ag'ions. The two ligands span the central metallic core
and intertwine to give a double-helix structure. A racemic
mixture of both enantiomers is observed in the unit cell.

The four Ag' ions are located in the vertex of a distorted
tetrahedron. This distortion is clearly revealed by the inter-
metallic bond angles and distances. The central core of the
dihelicate cannot be considered a metallic tetrahedron, but
rather a tetranuclear metallocycle, and the coordination
number of the Ag! ions in 9 should increase from 3 to 5.
This disposition of the metallic core in 9 is quite different
if we compare it with the tetrahedral metallic cores found
in 3 and in the Ag' cluster helicate derived from the H,L
ligand ([Ag4(L),]-4DMSO0).I"! This novel disposition of the
Ag, central cluster is undoubtedly a consequence of the
electronic change in the main body of the ligand. The sub-
stitution of the pyridine spacer by a benzene ring results in
the modification of the coordination properties of the do-
nor atoms.

dianionic helicand ligand
11 = soft donor atom

@ = pyridine N atom

neutral dinuclear dihelicate

neutral tetranuclear cluster dihelicate

European Journal
of Inorganic Chemistry

Conclusions

In this work we confirm the general applicability of our
route to cluster helicates.[”! We proved that some changes in
the structure or in the donor properties of the organic
strand H,L,[”! such as a decrease in the steric hindrance at
the terminal groups or the removal of the central pyridine
nitrogen donor atom of the ligand, do not prevent the as-
sembly of tetranuclear cluster dihelicates, but they do affect
their microarchitectures. In particular, the absence of the
pyridine nitrogen atom in the spacer of the organic strand
leads to a novel arrangement of the central cluster core,
which is a tetranuclear metallocycle instead of the common
M, tetrahedral core. Moreover, the presence of the pyridine
nitrogen donor atom in the spacer of the organic strands
seems to be essential for the assembly of dinuclear dihel-
icates with Zn'! ions, as the X-ray crystal structures of the
Zn" derivative with H,LP and H,L¢ show the formation of
dinuclear mesocates. However, it appears that this structural
change in the organic strand does not have any conse-
quences for the ability of H,LP and H,L¢ to form tetranu-
clear cluster helicates. In our opinion, this is because the
helicand character of H,L? and H,L® remains even though
they cannot form dinuclear dihelicates. All of these conclu-
sions lead us to consider that the schematic representation
of our synthetic route to cluster helicates, as described in
our previous communication,” must be revised (Scheme 2).

Finally, it should be noted that the complexes were fully
characterized in solution by NMR spectroscopy (except 2
and 5) and ESI mass spectrometry. This is the first time that
the characterization of cluster helicates has been carried out
in solution. This has enabled us to correlate the behaviour

./ \

dianionic helicand ligand
1 = soft donor atom

®

neutral dinuclear mesocate

Scheme 2. “Revised” schematic representation of our synthetic approach to the assembly of “cluster helicates”. The factors that make
the stabilization of this new metallosupramolecular motif possible are: (i) the substitution of divalent metal centres by metal(I) ions and
(i) the presence of two soft donor atoms in the main body of a dianionic ligand, which are both able to act as terminal or bridging
coordination points depending on the hardness/softness of the metal centres to which they bind.
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in solution with the results found in the solid state. We are
convinced that '"H NMR spectroscopy will prove to be a
useful tool to distinguish between dinuclear mesocates and
tetranuclear cluster dihelicates.

We are currently modifying this synthetic strategy in an
effort to increase the nuclearity of the resulting cluster hel-
icates.

Experimental Section

Materials and General Methods: All starting materials were pur-
chased from Aldrich and used without further purification. All
metals were used as plates and were washed with a dilute solution
of hydrochloric acid prior to the electrolysis. Elemental analyses
were performed with a Carlo Erba EA 1108 analyzer. The infrared
spectra were recorded from KBr pellets with a Bio-Rad FTS 175
spectrophotometer in the range 4000-600 cm™'. Fast-atom bom-
bardment (FAB) mass spectra were obtained with a Kratos MS-50
mass spectrometer by employing Xe atoms at 70 keV in m-ni-
trobenzyl alcohol as matrix. ESI spectra were obtained with an
LCQDECA ion trap mass spectrometer equipped with an electro-
spray ionization ion source and controlled by Xcalibur software 1.1
(Thermo-Finnigan). Room-temperature magnetic susceptibilities
were measured by using a Digital Measurement system MSB-MKI,
calibrated by using tetrakis(isothiocyanato)cobaltate(IT). Conduc-
tivity was measured at 25 °C from 1073 M solutions in DMF for
complexes with L* and acetone for the remaining compounds with
a CRISON Basic 30 instrument. NMR spectra were recorded with
Bruker DPX-250 and AMX-500 spectrometers by using [Dgl-
DMSO as solvent.

Bis(4-N-Methylthiosemicarbazone)-2,6-diacetylpyridine (H,L*): The
synthesis method and the experimental data for this ligand were
previously reported by us.['1a]

Bis(4- N-methylthiosemicarbazone)-2,6-diacetylbenzene (H,LP): A
solution of 1,3-diacetylbenzene (0.96 g, 2.97 mmol) and 4-N-meth-
ylthiosemicarbazide (1.25 g, 5.94 mmol) in ethanol (125 mL) was
heated under reflux for 8 h and concentrated with a Dean Stark
trap to ca. 20 mL. The pale resulting yellow precipitate was col-
lected by filtration. The solid was finally washed with diethyl ether
(3X10mL) and dried in vacuo. Yield: 70% (0.70 g). IR (KBr): ¥
= 3379, 3342, 3263 [v(NH)]; 1545, 1501, 1485 [v(C=N) + v(C-N)];
1113, 797 [V(C=S)] cm!. '"H NMR ([D¢]DMSO): J = 2.34 (s, 6 H),
3.04 (d, J=44Hz 6 H), 742 (t, J = 79 Hz, 1 H), 794 (d, J =
7.9 Hz, 2 H), 8.22 (s, 1 H), 8.55 (q, J = 44 Hz, 2 H); 10.24 (s, 2
H) ppm. 3C NMR ([D¢g]DMSO): § = 14.37 (CH3), 31.09 (CHj),
124.54 (C,p), 127.39 (C,,), 128.23 (C,,), 137.87 (C,,), 147.67 (C=N),
178.68 (C=S) ppm. MS (FAB): m/z = 336.0 [H,L® + HJ".
C4H20NgS, (336.12): caled. C 50.0, H 5.9, N 25.0, S 19.0; found
C49.8, H 6.3, N24.7, S 19.2.

Bis(4-N-ethylthiosemicarbazone)-2,6-diacetylbenzene (H,L€): A
solution of 2,6-diacetylbenzene (1g, 6.1 mmol) and 4-N-ethyl-
thiosemicarbazide (1.4 g, 12.2mmol) in ethanol (250 mL) was
heated under reflux for 4 h and concentrated with a Dean Stark
trap to ca. 20 mL and cooled over 12 h (4 °C). The yellow precipi-
tate was filtered off, washed with diethyl ether (3X10mL) and
dried in vacuo. Yield: 89% (1.98 g). IR (KBr): ¥ = 3369, 3344, 3238
[V(NH)]; 1536, 1499, 1482 [v(C=N) + v(C-N)], 1111, 849 [v(C=S)]
cm . '"H NMR ([Dg]DMSO): 6 = 1.15 (t, J = 7.0 Hz, 6 H), 2.35
(s, 6 H), 3.64 (m, 4 H), 744 (t, J = 78 Hz, 1 H), 795 (d, J =
7.8 Hz, 2 H), 8.21 (s, 1 H), 8.61 (t, J = 5.7 Hz, 2 H), 10.19 (s, 2 H)
ppm. 3C NMR ([D¢]DMSO): § = 14.37 (CHj3), 14.51 (CH3), 38.43
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(CH,), 124.50 (C,,), 127.37 (C,,), 128.23 (C.,), 137.82 (C,,), 147.66
(C=N), 176.59 (C=S) ppm. MS (FAB): m/z = 365.1 [H,L¢ + HJ*.
C16H2uNgS, (364.54): caled. C 52.7, H 6.6, N 23.1, S 17.6; found
C52.9,H 6.7, N 22.8, S 17.8.

Synthesis of Complexes: The synthesis method and the experimen-
tal data for [Zn,(L?),]-EtOH-2H,0 (1) were previously reported by
us.''8] The remaining Zn" and Ag' complexes [Ag,(L?),]-H,O (3),
[Zna(L5),] (@), [Ag(L0)] (6), [Zny(LE)s] (7) and [Aga(L9),] (9) and
the copper derivative [Cuy(L?),]-2CH3CN (2) were obtained by an
electrochemical procedure.*? The cell system can be summarized
as Pt(-)/MeCN + H,L*/M(+), where M = Zn, Cu or Ag. The elec-
trochemical synthesis of these complexes can be exemplified by the
preparation of 4: a suspension of ligand H,LP (0.1 g, 0.297 mmol)
in acetonitrile (80 mL), containing tetramethylammonium perchlo-
rate (10 mg) and with the use of a platinum wire as the cathode
and a zinc plate as the anode, was electrolyzed for 1.5 h by using a
current of 10 mA. (CAUTION: Although no problems were encoun-
tered in our experiments, all perchlorate compounds are potentially
explosive and should be handled in small quantities and with great
care!l). The resulting yellow solid was filtered off, washed with di-
ethyl ether and dried in vacuo. All of the electrochemically obtained
metal complexes were isolated with high purity and yield.

The Cu' complexes [Cuyu(L?),]-2CH;CN (2), [Cug(LP),] (5) and
[Cu4(L°),] (8) were obtained by reaction of a Cu' salt with the cor-
responding ligand in acetonitrile and in the absence of oxygen. The
synthesis of these complexes can be typified by the preparation of
2: [Cu(MeCN)4JPF4 (204.0 mg, 0.652 mmol) was added under an
argon atmosphere to a degassed solution of H,L* (0.1g,
0.296 mmol) in acetonitrile (50 mL). The solution was stirred under
an argon atmosphere and heated under reflux for 3 h. The solution
was then concentrated under reduced pressure to give a brown pre-
cipitate. The solid was filtered off, washed with diethyl ether and
hexane and dried under vacuum overnight.

Selected Data for 2: Yield: 88% (0.26 g). Ay = 25 Q' cm®mol .
IR (KBr): v = 3314 [v(NH)]; 1585, 1511, 1464 [v(C=N) + v(C-N)];
1099, 806 [v(C=S)] cml. MS (ESI): m/z = 925.1 [Cuy(L%), +
HJ*, 462.9 [Cuy(L?) + HJ*, 399.0 [Cu(L?) + H]*. C3oCusHaoN16S4
(1007.20): caled. C 35.8, H 4.0, N 22.3, S 12.7; found C 35.7, H
42, N 223, S 12.7.

Selected Data for 3: Yield: 85% (0.28 g). Ay = 4.0 Q' cm?mol .
IR (KBr): v = 3369, 3328 [v(NH)]; 1550, 1509, 1496 [v(C=N) +
V(C-N)J: 1110, 868, 817 [v(C=S)] cm™!. '"H NMR ([DgDMSO): &
=24 (s, 6H),27(,J=46Hz 6 H), 69 (q, J =4.6Hz, 2 H),
7.8 (d, J = 7.6 Hz, 2 H), 8.0 (t, J = 7.6 Hz, 1 H) ppm. MS (ESI):
miz = 1102.8 [Agy(L?), + HJ*, 552.0 [Ago(L?) + H]*, 444.0 [Ag(L?)
+ H]*. AgyCagH3aN S, (1102.38): caled. C 28.3, H 3.1, N 17.8, S
11.6; found C 28.1, H 3.1, N 17.6, S 11.5.

Selected Data for 4: Yield: 90% (0.21 g). Ay = 10.0 Q' cm?mol .
IR (KBr): v = 3373 [v(NH)]; 1491 [v(C=N) + v(C-N)]; 1119, 795
[V(C=S)] cm ', "H NMR ([Dg]DMSO): 6 = 2.42 (s, 3 H), 2.61 (s, 3
H), 2.85 (d, J = 4.4 Hz, 6 H), 6.74 (br. s, 1 H), 7.19 (br. s, 1 H),
747 (t, J = 7.9 Hz, 1 H), 7.55-7.65 (m, 2 H), 8.58 (s, | H) ppm.
MS (ESI): m/z = 799.0 [Zny(LP), + HJ*, 399.2 [Zn(L®) + HJ*.
CosH36N15S4Zn, (799.73): caled. C 42.1, H 4.5, N 21.0, S 16.0;
found C 42.0, H 4.4, N 21.0, S 16.3.

Selected Data for 5: Yield: 80% (0.22 g). Ay = 9.5 Q' cm?mol .
IR (KBr): v = 3369 [v(NH)]; 1554, 1533, 1500 [(C=N) + v(C-N)];
1121, 744 [v(C=S)] cm™'. MS (ESI): m/z = 923.3 [Cuy(L"), + H]",
461.0 [Cus(L®) + HJ*, 399.2 [Cu(L®) + HJ*. CagCusHseN»Ss
(923.12): caled. C 36.4, H 3.9, N 18.2, S 13.9; found C 36.7, H 4.0,
N 184, S 13.6.
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Selected Data for 6: Yield: 84% (0.27 g). Ay = 10.0 Q' cm?mol .
IR (KBr): v = 3365 [V(NH)]; 1562, 1514 [v(C=N) + (C-N)]; 1119,
791 [\(C=S)] cm™'. 'H NMR ([Dg]DMSO): & = 2.45 (s, 6 H), 2.72
(d,J =44 Hz, 6 H), 6.88 (q, J = 4.4 Hz, 2 H), 7.52 (t, J = 7.9 Hz,
1 H), 7.72 (d, J = 7.9 Hz, 2 H), 9.43 (s, 1 H) ppm. MS (ESI): m/z
= 1100.8 [Agy(LD), + HJ*, 551.0 [Ago(LD) + HJ*, 443.0 [Ag(L?) +
H]*. AgyCygH3N 5S4 (1100.41): caled. C 30.6, H 3.3, N 15.3, S
11.7; found C 30.6, H 3.4, N 154, S 11.6.

Selected Data for 7: Yield: 80% (0.19 g). Ay = 7.4 Q' cm”mol .
IR (KBr): v = 3362 [v(NH)]; 1506, 1486, 1462 [(C=N) + v(C-N)];
1121, 849 [W(C=S)] em". 'H NMR ([DJDMSO): 6 = 0.84 (t, J =
7.1Hz, 3 H), 1.15 (t, J = 7.1 Hz, 3 H), 2.42 (s, 3 H), 2.60 (s, 3 H),
3.28 (m, 2 H), 3.41 (m, 2 H), 6.78 (br. 5, 1 H), 7.23 (br. 5, 1 H),
7.48 (t, J = 7.7 Hz, 2 H), 7.66-7.55 (m, 2 H), 8.47 (s, 1 H) ppm.
MS (ESI): m/z = 857.2 [Zns(L), + HJ*, 429.2 [Zn(L) + HJ*.
CarHugN 58,70, (855.84): caled. C 44.9, H 5.2, N 19.6, S 15.0;
found C 44.6, H 5.2, N 19.7, S 14.8.

Selected Data for 8: Yield: 86% (0.23 g). Ay = 3.2 Q' cm?mol .
IR (KBr): v = 3349 [v(NH)]; 1531, 1493, 1470 [(C=N) + v(C-N)];
1092, 835 [V(C=S)] em". 'H NMR ([DJDMSO): 6 = 1.03 (t, J =
6.6 Hz, 6 H), 2.55 (s, 6 H), 3.15 (m, 4 H), 7.04 (t, J = 5.2 Hz, 2 H),
752 (t, J = 6.9 Hz, 1 H), 7.80 (d, J = 6.9 Hz, 2 H), 10.46 (s, 1 H)
ppm. MS (ESI): miz = 980.0 [Cuy(L%), + HJ*, 489.3 [Cuy(L) +
HJ*, 427.2 [Cu(L®) + H]*. C5,CusHauN 5Ss (979.23): caled. C 39.3,
H 4.5, N 17.2, S 13.1; found C 39.0, H 4.4, N 17.4, S 13.4.

Selected Data for 9: Yield: 82% (0.26 g). Ay = 2.7 Q' cm?mol .
IR (KBr): v = 3311 [v(NH)J; 1558, 1513, 1466 [v(C=N)+v(C-N)J;
1090, 810 [v(C=S)] cm '. '"H NMR ([Dg]DMSO): 6 = 1.10 (t, J =
7.2 Hz, 6 H), 2.42 (s, 6 H), 3.19 (m, 4 H), 6.88 (t, J = 5.3 Hz, 2 H),
751 (t, J =72 Hz, 1 H), 7.69 (d, J = 7.2 Hz, 2 H), 9.53 (s, | H)
ppm. MS (ESI): m/z = 1156.9 [Ag4(L¢), + H]*, 579.0 [Agy(L°) +
HI*. Ag,CyHugN S, (1156.52): caled. C 33.2, H 3.8, N, 14.5, S
11.1; found C 33.4, H 3.6, N 14.5, S 11.4.

Crystal Structure Determinations: All crystals were obtained by
recrystallization from CH;CN (2, 3 and 9) or acetone (4 and 7) of
the solid obtained in the corresponding synthesis. Unfortunately,
all attempts to obtain single crystals suitable for X-ray diffraction
for the other complexes were unsuccessful. Data for 2, 3, 4 and
9 were collected with a Siemens Smart CCD-1000 Diffractometer
whereas a Bruker APPEX CCD Diffractometer was used for 7, all
by using graphite-monochromated Mo-K, radiation (k =
0.71073 A) from a fine-focus sealed tube source. The computational
data and reduction were obtained by using SAINT softwarel*¥] in
all cases, except for 7 and 9 where APPEX2 and BRUKER
XPREPB* were used, respectively. The structures of compounds 2,
4, 7 and 9 were solved by SIR973% whereas that of 3 was solved
by using DIRDIF96,3¢ and all of the structures were refined by
full-matrix, least-squares based on 2 by SHELXL.E In all cases,
an empirical absorption correction was applied by using
SADABS.B® All non-hydrogen atoms were anisotropically refined
except for the disordered atoms in 9. All hydrogen atoms were in-
cluded in the model at geometrically calculated positions and re-
fined using a riding model.

CCDC-683569, -683570, -683571, -683572 and -683573 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic
Data Centre via ww.ccdc.cam.ac.uk/data_request.cif.

Data for [Cuy(L?),]-2CH;CN (2): Formula: C30H4CuyN4S4; M =
1007.18 gmol '; crystal system: orthorhombic; space group: Pbca;
a = 1041405 A, b = 21.491(5) A, ¢ = 33.906(5) A; a = 90°, § =
90°, y = 90°, ¥ = 7588(4) A%, Z = 8; u = 2.481 mm!; reflections
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collected: 87790; independent reflections: 8111; Ry, = 0.0598; RI,
wR2 [I>20(D)]: 0.0365, 0.0843; R1, wR2 (all data): 0.0482, 0.0884.

Data for [Agy(L™),] (3): Formula: Cs;sHuzs5AgsNy7sSs; M =
1383.03 gmol !; crystal system: tetragonal; space group: I-4; a =
23.052(2) A, b = 23.052(2) A, ¢ = 26.541(2) A; a = 90°, § = 90°, »
=90° V = 14103.3(2) A3 Z = 8; u = 1.543 mm!; reflections col-
lected: 55967; independent reflections: 12957; Ry, = 0.0387; RI,
wR2 [I>20(D)]: 0.0325, 0.0788; R1, wR2 (all data): 0.0459, 0.0840.

Data for [Zny(LP),] (4): Formula: CygH3¢N»S4Zny; M =
799.75 gmol !; crystal system: orthorhombic; space group: Phca; a
=14.582(2) A, b = 15.501(2) A, ¢ = 16.291(2) A; a = 90°, 8 = 90°,
y = 90°% V = 3682.3(9) A% Z = 4; u = 1.567 mm'; reflections col-
lected: 28018; independent reflections: 3166; R;,, = 0.0484; R1, wR2
[/>20(D)]: 0.0629, 0.1876; R1, wR2 (all data): 0.0851, 0.2012.

Data for [Zn,(LF),]-0.5(C3H6O) (7): Formula:
Ci3.sH47N 50 sS4Zn,; M = 884.81 gmol!; crystal system: triclinic;
space group: PI; a = 11.2888(3)A, b = 1267374 A, ¢ =
14.7425(4) A; a = 84.596(2)°, f = 81.455(2)°, y = 75.085(2)°; V =
2012.1(1) A3; Z = 2; 1 = 1.443 mm!; reflections collected: 54691;
independent reflections: 11756; R;, = 0.0311; R1, wR2 [I>2c(])]:
0.0383, 0.0916; R1, wR2 (all data): 0.0553, 0.0974.

Data for [Agy(L%),] (9): Formula: Ag,Cs3,HyyNi»Sy M =
1156.55 gmol!; crystal system: tetragonal; space group: 14(1)/a; a
=15.2993) A, b = 15.299(3) A, ¢ = 17.062(6) A; a = 90°, 8 = 90°,
y = 90°% V = 3993.5(18) A3, Z = 4; u = 2.183 mm!; reflections
collected: 15790; independent reflections: 2055; Ry, = 0.0975; Ryw»
[I>20(D)]: 0.0658, 0.1707; Ryw, (all data): 0.1139, 0.1966.

Supporting Information (see footnote on the first page of this arti-
cle): Ball-and-stick representation of 3,n; stick representation of
the coordination isomer of 7; selected bond lengths and angles of
the zinc(II) dinuclear compounds, the copper(I) tetranuclear cluster
compounds and the silver(I) tetranuclear cluster compounds.
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