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Introduction

Over the last two decades, the chemistry of helicates has de-
veloped into a vivid field of research that addresses the
problems of self-assembly processes, supramolecular stereo-
chemistry, and supramolecular functionality.[1] In this con-
text, the study of helicates opens up the opportunity to un-
derstand complicated supramolecular phenomena by the in-
vestigation of relatively simple chemical systems.[2]

In the first publication on “helicates” by Lehn, this class
of complexes was defined as coordination compounds in
which two (or three) ligand strands are wrapped around a

linear arrangement of two or more metal ions. The oligonu-
clear coordination compounds are obtained in a “spontane-
ous” self-assembly processes by simple mixing of the ligands
and the metals in solution. Double (or triple) stranded heli-
cates are formed depending on the coordination geometry
of the metal ion and on the denticity of the ligand units.[3]

Built on Lehn�s first definition, modified systems were de-
veloped over the years. Examples are circular helicates,[4]

meso-helicates[5]/mesocates,[6] cluster helicates,[7] or hetero-
nuclear helicates.[8] Recently, the properties of helicates
came into the focus and were specifically tuned to get func-
tional entities. The induced supramolecular function either
depends on the special properties of the ligands (e.g. chirali-
ty,[9] bioactivity,[10] and meso-phase behavior[11]) and/or of the
metals (photophysical properties[12] and magnetism[13]).

“Classical” helicates are formed by the self-assembly of
oligotopic ligands in the presence of two (or more) metal
centers, as is shown in Scheme 1a. As an alternative ap-
proach, we recently investigated the hierarchical assembly
of triple-stranded helicates.[14] Hereby, three monotopic li-
gands in an initial step bind to one metal center, forming a
classical “Werner-type” coordination compound. If the com-
plex itself possesses additional coordination sites, it can bind
to further metal ions, which might act as connectors between
two “monomeric” complex moieties (Scheme 1b).

In the literature examples, the connection of the mononu-
clear units proceeds either by coordination of three metal
ions (Scheme 1b1), each bridging to one ligand unit of the
respective complex moiety. This is, for example, observed in
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the complexes shown in Scheme 2.[14] As an alternative, only
one central metal might act as a template and it connects
two mononuclear complex units to obtain helicates
(Scheme 1b2).[15] Examples for this motif were frequently
observed (for a selection, see Scheme 3).[16]

Trinuclear zinc complexes A were investigated by our
group. In these compounds, two mononuclear tris-8-hydroxy-
quinolinate zinc complex units (which bear amide or urea
moieties at the 7-position of the ligand) adopt a geometry
with the three ligands orientated syn to each other. This
leads to an arrangement of the quinolinate oxygen atoms of

the complex that acts as a tridentate ligand for another
metal center. Consequently, coordination of two mononu-
clear zinc complexes to a central zinc ion forms the trinu-
clear complex. [Zn3(1)6] with an (S)-phenylethyl-substituted
urea at the 7-position (ligand 1-H) was structurally charac-
terized. The diffraction study revealed Zn–Zn distances of
2.878 and 2.885 � and showed intramolecular hydrogen
bonds between the urea NH and the quinolinate oxygen
atom that probably stabilize the unusual trinuclear structure.
Due to the enantiomerically pure ligand, the reported com-
plex is formed as a single enantiomer.[15]

The driving force for the formation of [Zn3(1)6] is the
electroneutrality of the compound, which makes it soluble
in nonpolar solvents, such as chloroform, in which it shows
remarkable stability.

The linear arrangement of the three metal ions with
metal–metal distances of <3 � prompted us to examine if
we could introduce paramagnetic metal centers. The corre-
sponding studies to form enantiomerically pure trinuclear
helicate-type compounds, mass-spectrometric and X-ray
crystallographic investigations of obtained compounds,
measurements of circular dichroism (CD), and of the mag-
netic properties are described in this paper.

Scheme 1. Schematic representation of the self-assembly of triple-strand-
ed dinuclear helicates (a) and of the hierarchical assembly of helicates (b)
(for clarity only the overall connectivity but not the helical arrangement
is shown). In the latter case, “dimerization” by the binding of three (b1)
or one (b2) metal ion follows the initial formation of a mononuclear com-
plex.

Scheme 2. Two examples of triple-stranded helicates in which three lithi-
um cations are connecting two transition-metal complex units. The lithi-
um ions thus represent the spacer of a linear dicatechol or di-8-quinoli-
nate ligand.

Scheme 3. Examples for hierarchically assembled helicate-type complexes
with a central metal ion connecting the two mononuclear complex units.
The Aufbau principle is shown on the bottom.
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Results and Discussion

The ligand 1-H was prepared by the reaction of 7-amino-8-
hydroxyquinoline with (S)-phenylethylisocyanate. Complex
formation proceeded readily by stirring two equivalents of
1-H with one equivalent of metal(II) acetate in methanol
overnight. After removal of the solvent, complexes 2–5 were
obtained in close to quantitative yield (Scheme 4). The char-

acterization of the diamagnetic zinc(II) complex 5 in solu-
tion and in the solid state was described earlier.[15]

In our hands, NMR spectroscopic investigations of com-
pounds 2–4 were not successful, probably due to the para-
gmagnetism. ESI-MS investigations, on the other hand, re-
vealed the composition of the complexes in solution by de-
tection of their charged adducts with alkali-metal cations.
For example, 2 was observed as its doubly sodiated species
[2] ACHTUNGTRENNUNG[2Na]2+ (m/z : 1023.7692, calcd: 1023.7691) upon electro-
spray ionization (ESI) in the positive mode. Depending on
the choice of solvent and ionization conditions, the singly
charged ions [2][Na]+ and [2][H]+ are observed as well. In
the FTICR spectra, even the complex 2C+ appears after
longer times of ion accumulation in the hexapole. In addi-
tion, species are observed that have lost one or two proton-
ated ligands 1-H. Collision-induced dissociation (CID) MS/
MS experiments with mass-selected [2][Na]+ confirm the
loss of 1-H as the only primary fragmentation in the gas
phase. Subsequently, loss of a second molecule of 1-H com-
petes with cleavage of the coordinated ligands by consecu-
tive losses of C8H11N (Dm=121.09, phenylethylamine) and
of C9H9NO (Dm= 147.07, phenylethylisocyanate). ESI spec-
tra of solutions of 3 in the positive mode are dominated by
the sodium adduct of the mononuclear species [Co(1)3]
(m/z : 1000.2974, calcd: 1000.2952). The dinuclear species
[Co2(1)6][Na]+ is observed in much lower intensities and a
signal for a tetranuclear species could not be detected at
all.[17] Oxidation to CoIII in solution is confirmed by ESI
spectra in the negative mode in which a signal for the dinu-
clear mixed valence species [Co2(1)6]

� is visible. Positive-
ESI spectra of 4 mainly show characteristic fragments, such
as [Ni(1)2][Na]+ , [Ni2(1)3]

+ , [Ni2(1)3][Na]2+ , [Ni2(1)4][Na]+ ,
[Ni3(1)4]

2+ , [Ni3(1)5]
+ (m/z : 1704.4331, calcd: 1704.4268),

and [Ni4(1)6]
2+ . The latter species might be assigned to un-

fragmented [4][Ni]2+ . Further, CID experiments with mass-
selected [Ni2(1)4][Na]+ confirm the preferred loss of [Ni(1)2]
and of phenylethylamine upon fragmentation in the gas
phase; the mass-selected mononuclear product [Ni2(1)3]

+ fi-
nally fragments by three subsequent losses of phenylethyl-
amine cleaving all ligands 1 present in the complex.

We were able to grow X-ray quality crystals of the manga-
nese and cobalt complexes 2 and 3. The molecular structures
in the crystal appear identical on first view, whereas minor
differences are only observed upon closer inspection. As a
representative example, different views of the mangane-
se(II) complex 2 are shown in Figure 1.

The three metal ions are linearly arranged with M–M dis-
tances of less than 3 �. The six ligands wrap around the
metal ions forming a right-handed “hexa-stranded” helix.
The orientation of the ligands is alternating (up-down-up-
down-up-down). The build-up
principle is exemplified for the
zinc complex in Scheme 3,
bottom. The skeleton of com-
pound 2 revealing only the co-
ordination environment around
manganese is depicted in
Figure 2 and corresponding se-
lected distances and angles of
all compounds are given in
Table 1.

All three metal centers pos-
sess distorted octahedral coor-
dination geometries. The man-
ganese compound 2 exhibits the
longest metal···metal separa-
tion, whereas for cobalt com-
plex 3 the shortest is observed

Scheme 4. Preparation of the complexes 2–5.

Figure 1. Molecular structure of 2 in the crystal in side (left) and top view
(right). Ball and stick (top) and space-filling (bottom) models are shown.

Figure 2. The coordination en-
vironment at the metal centers
of the trinuclear manganese
complex 2.
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(ca. 0.14 � shorter). All M···M···M arrangements are linear
with angles close to 1808.

The metal–nitrogen bonds decrease in the series 2>3>5.
In case of oxygen–metal bonds there is a difference in bond-
ing to the terminal or the central metal atoms. Bond lengths
to the terminal metal ions decrease in the order 2>5>3.
Those to the central metal are longer for 2 and shorter, but
very similar, for 3 and 5. Angles at the bridging quinolinate
oxygen atoms are in the same range for all three complexes.

The bridging quinolinate oxygen atoms are pyramidalized
with a deviation of the oxygen–manganese bond (in 2) from
the plane of the quinoline aromatics by approximately 1108.
This pyramidalization allows intramolecular hydrogen bond-
ing to the urea NH, which was earlier attributed to contrib-
ute to the stabilization of the trinuclear complex.[15]

Complexes 2, 3, and 4 were investigated by CD spectros-
copy in dioxane. For solubility reasons, the ligand was mea-
sured in methanol. In contrast to the complexes, ligand 1-H
does not show signals with strong intensity (De>5/�5) at a
wavelength above 250 nm. The CD spectrum of 2 is shown
in Figure 3 and is representative for all complexes. The de-

tected spectra are all very similar, which indicates the same
stereochemistry for all of the trinuclear coordination com-
pounds in solution. The spectrum shows a signal with a posi-
tive Cotton effect at 270 nm and one with a negative Cotton
effect at 285 nm. Those two absorptions are assumed to be
ligand-centered. A shoulder at 320 and a signal at 420 nm

show weak negative Cotton effects. At least the latter one is
tentatively assigned to a charge-transfer transition.

Based on the X-ray structure analyses of 2, 3, and 5, it is
known that the complexes possess a D configuration at the
metal centers leading to a right-handed “hexa-stranded”
helix with alternating orientation of the ligands (see
Figure 1).

Earlier NMR spectroscopic investigations with the dia-
magnetic derivative 5 showed the diastereoselective assem-
bly of only one stereoisomer.
Therefore, the complexes with
the chiral ligand 1-H are consid-
ered to be enantiomerically
pure (within the accuracy of
NMR spectroscopy).[15]

Just recently, a trinuclear
manganese(IV) complex B was
reported that possesses a
ground spin state of S= 9/2 due
to ferromagnetic coupling.[18]

Therefore, we expected interest-
ing magnetic characteristics for
the trinuclear complexes 2–5
(Scheme 5).

Magnetic properties : The magnetochemical analysis of CoII

complexes is frequently complicated by a multitude of fac-
tors, notably the fact that the CoII free-ion 4F ground term is
separated by the first excited term 4P by more than
104 cm�1.[19] In a weak ligand field with octahedral symmetry,
the 4F term splits into the 4T1(F), 4T2, and 4A2 state, whereas
the 4P term transforms into a 4T1(P) state. The magnetic
properties of CoII (3d7) octahedral high-spin complexes are
characterized by a significant temperature dependence of
meff caused by orbital momentum contributions due to the
4T1(F) ground state. On the other hand, octahedral high-spin
complexes of MnII and NiII with an orbital singlet ground
state (MnII: 6A1(S), NiII : 3A2(F)) represent near-ideal pure
spin systems.[20]

For compounds 2, 3, and 5 the following single-ion effects
were evaluated: interelectronic repulsion (Hee), spin-orbit
coupling (Hso), ligand-field effects (Hlf), and the applied
field (Hmag) employing the effective Hamiltonian for a 3dN

system, see Equation (1):[21,22]

Figure 3. CD spectrum of 2 in dioxane. The inset shows an expansion of
the spectrum in the region of charge-transfer transitions.

Scheme 5. A trinuclear manga-
nese(IV) complex with the
ground spin state S=9/2.

Table 1. Selected distances [�] and angles [8] around the metal centers
of the trinuclear complexes 2, 3, and 5.

2 (M =Mn) 3 (M=Co) 5 (M =Zn)

M···M 2.954(1), 2.952(2) 2.820(2), 2.815(2) 2.885, 2.878
M···M···M 179.90(3) 179.94(9) 179.36
N�M 2.178(4)–2.200(4) 2.059(8)–2.118(8) 2.034–2.096
O�Mtermin 2.213(3)–2.240(3) 2.076(6)–2.132(7) 2.139–2.180
O�Mcenter 2.161(3)–2.190(3) 2.110(6)–2.132(7) 2.055–2.131
M-O-M 84.1(1)–84.7(1) 82.8(2)–84.0(2) 83.78–86.53

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 8797 – 88048800

M. Albrecht et al.

www.chemeurj.org


Whereas H(0) represents the energy in the central-field ap-
proximation, Hee and Hso account for interelectronic repul-
sion and spin-orbit coupling (modified by the orbital reduc-
tion factor k to account for covalent M–L contributions), re-
spectively. The former is taken into account by the Racah
parameters B and C, the latter by the one-electron spin-
orbit coupling parameter z. These sets of interelectronic re-
pulsion parameters and z are used as constants in the fol-
lowing calculations. Hlf accounts for the electrostatic effect
of the ligands in the framework of ligand-field theory on the
basis of the global parameters Bk

q. The spherical tensors Ck
q

are directly related to the spherical harmonics Ck
q =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4p=ð2kþ 1Þ
p

Yk
q and the real ligand-field parameters Bk

q

(Wybourne notation[23,24]) are given by Ak
qhrki in which Ak

q

represents a numerical constant describing the charge distri-
bution in the environment of the metal ion and hrki is the
radial wave function expectation value. For d electrons the
terms in the expansion with k�4 are nonzero, all odd-k
terms vanish since we consider solely configurations contain-
ing equivalent electrons. The values of k and q are limited
by the point symmetry of the metal-ion site. The spherically
symmetric term B0

0C
0
0 that does not cause any splitting is ig-

nored. Note that in cubic or tetragonal systems only spheri-
cal tensors with k�4 are relevant. The ligand-field operator
with reference to the fourfold rotation axis for the angular
part of the wave function reads as in Equation (2):

Hcub
LF ¼ B4

0

X

N

i¼1

C4
0ðiÞ þ B4

4

X

N

i¼1

ðC4
4ðiÞ þ C4

�4ðiÞÞ ð2Þ

Note: B4
4 =

ffiffiffiffiffiffiffiffiffiffi

5=14
p

B4
0 for cubic systems. The matrix elements

of Ĥ, omitting Ĥ0, are evaluated by applying Ĥ=Hee + Hlf +

Hso +Hmag on the full basis of microstates (252, 120, and 45
functions for Mn2+ , Co2+ , and Ni2+ , respectively). Diagonal-
ization leads to the energies En and jni, from which the
magnetization and the averaged molar susceptibility cm =

(cx +cy +cz)/3 and the effective Bohr magneton number
meff = 797.74 (cmT)1/2 (SI units) are obtained. Intramolecular
exchange interactions between the magnetic centers are
modeled by using a Heisenberg-type Hamiltonian.

Ĥex ¼ �2Jex

X

i<j

ŜiŜj ð3Þ

Note that we approximate the ligand-field effects for both
the central and the two external MII ions by a single uniform
environment to confine the number of free-fitting parame-
ters. Distinguishing between the two different MIIO6 (Oh)
and MIIO3N3 (D3d) environments would require four addi-
tional independent ligand-field parameters.

Fitting procedures of the trinuclear MnII complex : The tem-
perature dependencies of the reciprocal molar susceptibility
(cm

�1) and meff of 2 are presented in Figure 4. The effective
magnetic moment at room temperature (5.47 per MnII ion)
is smaller than the expected spin-only value of 5.91 for an
isolated S=5/2 center (giso =2.0). Down to approximately

40 K, the susceptibility follows a Curie–Weiss-type term
with a Weiss temperature of q=�57 K, which indicates an
antiferromagnetic exchange interaction. A best-fit is ob-
tained for Jex =�3.5 cm�1 (SQ=0.8 %, solid lines in
Figure 4). The spin-orbit coupling energy (z) was chosen as
347 cm�1, the Racah parameters as B= 825 and C=

3400 cm�1 based on UV/Vis spectra. Note that the obtained
Jex value correlates to the Weiss-temperature q=�59 K (q=

(2SACHTUNGTRENNUNG(S+1)/3kB)
P

n

i
ziJex,i, in which q is the Weiss-temperature,

zi is the number of ith nearest neighbors of a given magnetic
center, Jex,i represents the exchange interaction between the
ith neighbors, and n is the number of neighbors for which
Jex,i¼6 0[25]).

Fitting procedures of the trinuclear CoII complex : The effec-
tive magnetic moment of the cobalt complex 3 at 290.0 K is
4.72 per CoII ion, slightly smaller than the value resulting for
both spin and orbital momentum (mLS = [L ACHTUNGTRENNUNG(L+1)+4S-ACHTUNGTRENNUNG(S+1)]1/2 =5.20 mB). For octahedral CoII high-spin complexes
(S=3/2) in magnetically dilute systems, meff values in the
range of 4–5 are expected as a result of spin and first-order
orbital contributions.[26] Modeling the magnetic behavior,
therefore, requires ligand-field effects, spin-orbit coupling,
and exchange coupling all be taken into account. To limit
the number of free parameters, we restrict the modeling
procedure to a uniform ligand-field environment for all
three Co sites in 3. The values for the spin-orbit coupling
energy and the Racah parameters were chosen as z= 426,
B=780, and C= 3680 cm�1 based on UV/Vis spectra.[26]

The parameters Jex and B4
0 are then fitted to the low-field

susceptibility data to yield Jex =++1.7 and B4
0 =20 000 cm�1

(SQ= 1.3 % for T= 14–290 K). Note that the intramolecular
exchange in 3, mediated by three m-oxo sites per Co–Co
contact (Co ACHTUNGTRENNUNG(m-O)3CoACHTUNGTRENNUNG(m-O)3Co) is surprisingly similar to the
value of Jex =++1.4 cm�1 found for a different CoII

3 molecule
with a central Co ACHTUNGTRENNUNG(m-O)2ACHTUNGTRENNUNG(m-COO)Co ACHTUNGTRENNUNG(m-O)2ACHTUNGTRENNUNG(m-COO)Co motif
despite significantly larger Co···Co distances of 3.27 �.[27]

Figure 4. meff versus T and cm
�1 versus T plots for 2, referenced to a single

MnII ion, at an applied field of B0 =0.1 T. *: experimental data, c :
best fits for the employed model system. a illustrates the pure spin
system in the absence of (weak antiferromagnetic) exchange coupling.
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Note that weak additional antiferromagnetic coupling (pos-
sibly between the outer Co centers) causes a gradual de-
crease of meff below approximately 15 K (Figure 5).

Fitting procedures of the trinuclear NiII complex : The effec-
tive magnetic moment of the nickel complex 4 at room tem-
perature is 3.4 per NiII ion, significantly larger than the ex-
pected spin-only value for an isolated nickel center (S=1)
of 2.83 mB for g= 2.0. The susceptibility data display Curie
Weiss-type behavior in the temperature range of 50 to 300 K
with a Curie constant C=1.829 � 10�5 m3 K mol�1 (m=

3.41 mB) in good agreement with the expected value for an
isolated paramagnetic Ni2+ ion in an octahedral coordina-
tion environment.[28] The observed increase of meff with de-
creasing temperatures up to a maximum of around 3.98 at
7 K suggests ferromagnetic intramolecular coupling
(Figure 6). At lower temperatures, antiferromagnetic inter-

actions (likely caused by through-space intermolecular cou-
pling) become more dominant.

The multidimensional intermolecular exchange interac-
tions between the trinuclear units are modeled by using a
phenomenological approach, the molecular-field approxima-
tion:

c�1
m c0�1

m ðB,C,z,Bk
qJexÞ�lmf ð4Þ

in which c’m denotes the susceptibility per NiII ion and lmf

the molecular-field parameter. Positive and negative values
for lmf correlate with dominant ferromagnetic and antiferro-
magnetic interactions, respectively, between the trinuclear
units. With set values for the spin-orbit coupling energy (z=

649 cm�1) and the Racah parameters (B=1048 cm�1, C=

4183 cm�1) the parameters Jex, B4
0, and lmf are determined by

least-squares fitting.[19c] The best fit to the susceptibility
values was found for Jex =++ 6.1 cm�1, B4

0 =21 000 cm�1, and
lmf =�6.061 �104 molm�3 (SQ= 0.4 % for T=10–290 K).

Conclusion

In this paper we presented the formation and structures of
trinuclear helicate-type complexes. They are built up from
metal(II) trisquinolinate units that are connected by a cen-
tral metal(II) ion. Thus the compounds are neutral and are
well soluble in organic solvents. Due to the enantiopurity of
the ligand 1-H, the coordination compounds are obtained in
an enantiomerically pure form (S-ligand!right-handed
helix). Due to the proximity of the three metal centers,
dominating intramolecular magnetic coupling is observed in
the case of the nickel(II) (ferromagnetic), cobalt(II) (weak
ferromagnetic), and manganese(II) (antiferromagnetic)
complexes. However, single-ion effects and intermolecular
coupling additionally influence the magnetic behavior. In
this paper we have presented a supramolecular system in
which hierarchical self-assembly affords enantiomerically
pure trinuclear coordination compounds possessing interest-
ing magnetic properties. Although the three major aspects
of this study (chirality, magnetism, hierarchical assembly)
are not directly connected, they are all worth discussing. At
the moment we are trying to modify the properties of the
compounds by modification of the organic ligand part.

Experimental Section

General : NMR spectra were recorded on a Varian Mercury 300 or Inova
400 spectrometer. FTIR spectra were recorded by using a Bruker IFS
spectrometer. Elemental analyses were obtained on a Heraeus CHN-O-
Rapid analyzer. UV measurements were performed on a Varian Cary 3E
spectrometer. CD spectra were detected by using a Lakewood 62DS
spectrometer. ESI mass spectra were recorded with a Bruker micrOTOF-
Q and a Bruker Apex IV FTICR mass spectrometer equipped with
Apollo ESI sources by using 10�4

m acetonitrile or methanol solutions.
Argon was used as a collision gas for CID measurements.

Figure 5. meff versus T and cm
�1 versus T plots for 3, referenced to a single

CoII ion, at an applied field of B0 = 0.1 T. *: experimental data, c : best
fits for the employed model system. a illustrates the single-ion contri-
butions of uncoupled CoII-centers in the absence of (weak ferromagnetic)
exchange coupling.

Figure 6. meff versus T and cm
�1 versus T plots for 4, referenced to a single

NiII ion (B0 = 0.1 T). *: experimental data, c : best fits for the em-
ployed model system. a illustrates the uncoupled NiII centers.
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X-ray crystallography : Data sets were collected with a Nonius Kap-
paCCD diffractometer, equipped with a rotating anode generator. Pro-
grams used: data collection COLLECT (Nonius B.V., 1998), data reduc-
tion Denzo-SMN,[29] absorption correction SORTAV[30] and Denzo,[31]

structure solution SHELXS-97,[32] structure refinement SHELXL-97,[33]

and graphics SCHAKAL (E. Keller, 1997). CCDC-752273 and 752274
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements : Magnetic susceptibility data were determined
by SQUID magnetometry (Quantum Design MPMS-5XL) in the temper-
ature range T= 2.0 to 290 K and at an applied field of B0 = 0.1 T. The
data were corrected for the sample holder (Teflon capsules) and calculat-
ed diamagnetic contributions amount to cdia =�12.5 � 10�9 m3 mol�1 for
all three compounds.[34, 35]

General procedure for the preparation of metal(II) complexes of the 8-
hydroxyquinoline ligand 1-H : 1-(8-Hydroxyquinolin-7-yl)-3-[(S)-1-phe-
nylethyl]urea (1-H) was prepared in a four-step procedure by starting
from 8-hydroxyquinoline-5-sulfuric acid as described in the literature.
Ligand 1-H (2 equiv) and zinc(II) acetate, nickel(II) acetate, cobalt(II)
acetate, or manganese (II)acetate (1 equiv) were dissolved in methanol
and stirred overnight under reflux. The solvent was removed under re-
duced pressure to give the solid complexes in close to quantitative yields.ACHTUNGTRENNUNG[Mn3(1)6] (2): Light-green solid; yield: 52 mg (96 %); m.p. >250 8C
(decomp.); IR (KBr): ñ =3402, 3309, 2968, 1696, 1602, 1527, 1498, 1445,
1365, 1320, 1294, 1252, 1193, 1100, 1075, 824, 749, 701, 674, 583 cm�1; UV
(dioxane): l= 212, 280, 413 nm; positive HR-ESI MS: m/z : calcd:
1023.7691; found: 1023.7692, correct isotope pattern for [Mn3(1)6] ACHTUNGTRENNUNG[Na2]

2+ ;
elemental analysis calcd (%) for C108H96N18O12Mn3·5 H2O: C 60.93, H
5.21, N 11.84; found: C 61.03, H 4.93, N 11.30.

X-ray crystal structure analysis of [Mn3(1)6]: Formula=

C108H96Mn3N18O12; M =2002.85; orange/red crystal; 0.35 � 0.30 � 0.20 mm;
a= 14.7405(2), b =18.1550(3), c=21.8433(4) �; b=108.341(1)8 ; V=

5548.62(16) �3; 1calcd =1.199 gcm�3 ; m =0.400 mm�1; empirical absorption
correction (0.873�T�0.924); Z =2; monoclinic; space group=P21 (No.
4); l =0.71073 �; T=223(2) K; w and f scans; 29513 reflections collect-
ed (�h, �k, � l), [(sinq)/l] =0.60 ��1, 17294 independent (Rint =0.040)
and 12080 observed reflections [I �2s(I)], 1294 refined parameters, R=

0.056, wR2 =0.140; Flack parameter = 0.009(14); max. (min.) residual
electron density =0.35 (�0.26) e��3 ; hydrogen atoms at N from differ-
ence fourier maps, others calculated and refined as riding atoms, all N–H
distances refined with geometrical (SADI), groups C27–C33 and C87–
C93 with geometrical (AFIX 66) and thermal (ISOR) restraints, solvents
in voids couldn’t be assigned; therefore, the SQUEEZE routine was ap-
plied.ACHTUNGTRENNUNG[Co3(1)6] (3): Light-brown solid; yield: 54 mg (99 %); m.p. >250 8C
(decomp.); IR (KBr): ñ =3550, 3377, 3059, 3028, 2971, 1673, 1600, 1536,
1501, 1455, 1422, 1369, 1320, 1262, 1198, 1137, 1109, 1072, 825, 757, 701,
669, 564 cm�1; UV (dioxane): l=212, 276, 413 nm; positive HR-ESI MS:
m/z : calcd: 1977.6011; found: 1977.5915, correct isotope pattern for
[CoIII

2(1)6][Na]C+ ; elemental analysis calcd (%) for
C108H96N18O12Co3·4H2O: C 62.16, H 5.02, N 12.08; found: C 61.90, H
5.10, N 11.74.

X-ray crystal structure analysis of [Co3(1)6]: Formula= C108H96Mn3N18O12;
M =2014.82; red crystal 0.40 � 0.20 � 0.10 mm; a =14.7592(4), b=

18.0766(5), c =21.6902(6) �; b= 108.607(2)8 ; V=5484.4(3) �3; 1calcd =

1.220 gcm�3 ; m= 0.513 mm�1; empirical absorption correction (0.821�T�
0.951); Z =2; monoclinic; space group =P21 (No. 4); l=0.71073 �; T=

223(2) K; w and f scans; 26 324 reflections collected (�h,�k,� l);
[(sinq)/l] =0.54 ��1; 13 268 independent (Rint =0.084) and 9524 observed
reflections [I�2s(I)], 1198 refined parameters, R=0.081, wR2 =0.225;
Flack parameter 0.08 (2), max. (min.) residual electron density =0.59
(�0.43) e ��3 ; hydrogen atoms calculated and refined as riding atoms,
groups C18–C23 of molecules C, D, and E refined with geometrical
(AFIX 66) and thermal (ISOR) restraints, solvents in voids couldn’t be
assigned; therefore, the SQUEEZE routine was applied.ACHTUNGTRENNUNG[Ni3(1)6] (4): Light-green solid; yield: 53 mg (98 %); m.p. >250 8C
(decomp.); IR (KBr): ñ =3961, 3914, 3871, 3854, 3652, 3630, 3344, 3053,

3029, 2969, 2930, 1691, 1605, 1534, 1502, 1448, 1426, 1368, 1319, 1258,
1218, 1192, 1136, 1101, 909, 826, 787, 750, 700, 676, 587, 543 cm�1; UV
(dioxane): l= 212, 277, 413 nm; positive HR-ESI MS: m/z : calcd:
1704.4268; found: 1704.4331, correct isotope pattern for [Ni3(1)5]

+ ; ele-
mental analysis calcd (%) for C108H96N18O12Ni3·7H2O: C 60.61, H 5.18, N
11.78; found: C 60.35, H 4.89, N 11.42.ACHTUNGTRENNUNG[Zn3(1)6] (5): Prepared as described in the literature.[15]
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