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ABSTRACT: The first cluster mesocate (H3O)[{Fe2(μ-L)3}{Fe3(μ3-O)(μ-Cl)3}]·3EtOH (1) and a new series of cluster
helicates, [{Mn(μ-L)3}2{Mn3(μ3-Cl)}2](ClO4)2·2MeOH·6H2O (2), [{Cd(μ-L)3}2{Cd3(μ3-Br)}2]Br2·2DMF·14H2O (3), and
[{Cd(μ-L)3}2{Cd3(μ3-I)}2](CdI4)·3H2O (4), have been synthesized by the self-assembly of a C2-symmetric tritopic ligand, 2,6-
bis[5-(2-pyridinyl)-1H-triazol-3-yl]pyridine (H2L) with different metal halogen salts. Single-crystal X-ray diffraction and elec-
trospray ionization mass spectrometry measurements were carried out on these complexes. 1 was crystallized as a triple-stranded
pentanuclear mesocate in which a [FeII3(μ3-O)]

4+ triangle core was wrapped by a [FeII2(μ-L)3]
2− shell. 2−4 have similar

octanuclear helicate structures in which two propeller-shaped [MII(μ-L)3]
4− units embrace two [MII

3(μ3-X)]
5+ triangles inside.

The [MII
3(μ3-O/X)]

n+ triangle core were found to play an important role in the selective synthesis of the two architectures:
the smaller [FeII3(μ3-O)]

4+ triangle core prefers a mesocate structure because it matches the small cavity imposed by the [FeII2-
(μ-L)3]

2− shell, while the bigger [MII
3(μ3-X)]

5+ induces a screwed arrangement of the ligands, thus stabilizing the helicate structure.
Variable-temperature magnetic susceptibility measurements indicate that both 1 and 2 display an overall antiferromagnetic coupling.
Density functional theory calculations for 1 confirm the strong antiferromagnetic interaction in the central [FeII3(μ3-O)]

4+, while
interaction through the triazole bridging ligands is slightly ferromagnetic. For 2, three interaction pathways were considered and all sets
of J values reveal the presence of weak antiferromagnetic interaction.

■ INTRODUCTION

The self-assembly of polymetallic helicates has become one of
the most fascinating topics of supramolecular chemistry in recent
years.1−8 The spontaneous formation of such organized archi-
tectures helps chemists to gain fundamental principles of recognition
and self-assembly processes, which is helpful in the design of novel
materials with programmed properties and functions.9−16

Many double- and triple-stranded linear helicates have been
prepared bymaking use of coordination interactions betweenC2-
symmetric multi-bidentate ligands and four- or six-coordinated
metal ions.9−13 The metal centers in those complexes are chiral
centers, being wrapped by two or three chelating ligands in a
pseudotetrahedral or octahedral fashion and generating a two- or
three-fold axis. Two possible architectures can be obtained according

to the coupling of the chiral centers: homochiral helicates with
ΔΔ or ΛΛ configuration and achiral mesocates with ΔΛ
configuration. In most cases, racemic mixtures of helicates are the
preferred products, while the formation of mesocates is far less
common.17−25 A great deal of effort has been dedicated to
controlling the formation of helicates versus mesocates. Albrecht
and Kotila found that the length of an alkyl spacer between two
chelating moieties plays an important role in the diastereose-
lectivity. An empirical odd−even rule was proposed in which
ligands with an even number of alkyl linkers prefer to stabilize a
helicate while those with an odd number of alkyl linkers facilitate
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the separation of a mesocate.17 Enemark and Stack reported that
engrafting R- and S-chiral groups in proximity to the chelating
units allows the formation of diasteromerically and enantiomeri-
cally pure helicates.18

In most of these linear helicates, the metal centers are isolated
and lack interaction. Developing a “cluster helicate” would rise
above the limitation and improve the performance of helicates
benefiting from the novel magnetic, electrical, and optical
properties of metal clusters.26 However, quite limited examples
of cluster helicates have been reported because of the lack of an
efficient synthetic strategy.27−39 Bermejo et al. have successfully
synthesized a series of tetranuclear helicates by using a dianionic
helicand ligand equipped with two soft donor atoms in com-
bination with metal(I) ions.27,28 Another strategy is to introduce
a [MII

3(μ3-O)]
4+ triangle core into the helicates. A series of triple-

stranded helicates with a [MII
3(μ3-O)]

4+ core wrapped by terminal
[MII(μ-L)3]

n− units have been synthesized and well-studied,33−39

including our previously reported Fe5 pentanuclear helicate.
39

Encouraged by the fascinating architecture and intriguing
properties of the Fe5 cluster based on the bitopic 3,5-bis(pyridin-2-
yl)-1,2,4-triazole ligand,39 we expected that a related C2-symmetric,
tritopic ligand, 2,6-bis[5-(2-pyridinyl)-1H-triazol-3-yl]pyridine
(H2L), could possibly afford an intriguing triple-stranded struc-
ture of higher nuclearity. In contrast to the long and flexible
bidentate−tridentate−bidentate segmental ligands being exploited
by Piguet et al. to construct d−f−d trinuclear helicates,40−42 the
relatively short and rigid H2L ligand in our case may not afford an
appropriate coordination environment for a single metal ion in
the central position but may be suitable for incorporating a bigger
metal cluster alternatively, probably a [MII

3(μ3-O)]
4+ triangle

core. Indeed, via the solvothermal reaction of the H2L ligand
with different halide salts, we have successfully synthesized the
first cluster mesocate (H3O)[{Fe2(μ-L)3}{Fe3(μ3-O)
(μ-Cl)3}]·3EtOH (1) and a new series of octanuclear helicates:
[{Mn(μ-L)3}2{Mn3(μ3-Cl)}2](ClO4)2·2MeOH·6H2O (2),
[{Cd(μ-L)3}2{Cd3(μ3-Br)}2]Br2·2DMF·14H2O (3), and
[{Cd(μ-L)3}2{Cd3(μ3-I)}2](CdI4)·3H2O (4). It should be
noted that in these helicate structures, 2−4, a bigger halogen
atom takes the central position instead of the O atom. Our results
show that the [M3(μ3-O/X)] triangle core not only plays a
crucial role in the formation of triple-stranded structures but also
serves to discriminate mesocate and helicate through the size
effect (Scheme 1).

■ EXPERIMENTAL SECTION
Materials and General Procedures. All of the chemicals were

obtained from commercial sources and used without further puri-
fication. The IR spectra were recorded from KBr disks in the range
4000−400 cm−1 with a Bruker tensor 27 spectrometer. The C, H, and N
elemental analyses of the crystal samples were performed on an
Elementar Vario EL elemental analyzer. Electrospray ionization mass
spectrometry (ESI-MS) spectra were recorded on a Thermo-Finnigan
LCQ DECA XP quadrupole ion-trap mass spectrometer using an
electrospray ionization source. Data were processed using the spectro-
meter software (MassLynx NT, version 3.4). Because of the poor
solubility of all of the complexes, dimethylformamide (DMF)-containing
crystal samples were sonicated vigorously and then filtered before ESI-MS
measurements were carried out. Temperature-dependent magnetic
susceptibility data for polycrystalline complexes of 1 and 2 were performed
using a Quantum Design MPMS-XL-7 SQUID magnetometer under an
applied field of 500 Oe over the temperature range of 2−300 K. The
samples were packed into plastic films, which were thenmounted in low-
background diamagnetic plastic straws. The data were corrected for
diamagnetism of the constituent atoms using Pascal constants and
magnetization of the sample holder.

Synthesis of Complexes 1−4. [{Fe2(μ-L)3}{Fe3(μ3-O)(μ-Cl)3}]-
(H3O)(EtOH)3 (1). An ethanol (10 mL) solution of FeCl2·4H2O (0.034 g,
0.17 mmol), 2,6-bis[5-(2-pyridinyl)-1H-triazol-3-yl]pyridine (H2L; 0.037 g,
0.1 mmol), and triethylamine (0.010 g, 0.1 mmol) was sealed in a 15 mL
Teflon-lined reactor, heated at 160 °C for 3 days, and then cooled to room
temperature at 5 °C h−1. Subsequently, hexagonal-prism dark-red crystals
were obtained in 10% yield based on Fe. IR (KBr, cm−1): 3422 br s, 1607 s,
1580 s, 1503 s, 1459 s, 1406 s, 1338 w, 1282 w, 1254 w, 1192 m, 1125 m,
1051 m, 1007 m, 812 m, 752 s, 670 s. Elem anal. Calcd (%): C, 45.72; H,
3.29; N, 22.85. Found: C, 45.68; H, 3.02; N, 22.51.

[{Mn(μ-L)3}2{Mn3(μ3-Cl)}2](ClO4)2·2MeOH·6H2O (2). A methanol
(10 mL) solution of MnCl2·4H2O (0.026 g, 0.13 mmol), NaClO4
(0.004 g, 0,033 mmol), H2L (0.037 g, 0.1 mmol), and triethylamine
(0.010 g, 0.1 mmol) was sealed in a 15 mL Teflon-lined reactor, heated
at 160 °C for 3 days, and then cooled to room temperature at 5 °C h−1.
Subsequently, blocky colorless crystals were obtained in 60% yield based
on Mn. IR (KBr, cm−1): 3419 br s, 1605 s, 1573 s, 1504 s, 1461 s,
1431 m, 1407 s, 1338 w, 1289 w, 1279 w, 1191 m, 1120 br s, 1047 m,
1017 m, 823 m, 806 m, 749 s, 729 s. Elem anal. Calcd: C, 45.33; H,
2.82; N, 24.61. Found: C, 45.28; H, 3.15; N, 24.50.

[{Cd(μ-L)3}2{Cd3(μ3-Br)}2]Br2·2DMF·14H2O (3). An ethanol/DMF
(6/4 mL) solution of CdBr2·4H2O (0.045 g, 0.13 mmol), H2L (0.037
g, 0.1 mmol), and triethylamine (0.010 g, 0.1 mmol) was sealed in a 15
mL Teflon-lined reactor, heated at 160 °C for 3 days, and then cooled to
room temperature at 5 °C h−1. Subsequently, colorless crystals were
obtained in 54% yield based on Cd. IR (KBr, cm−1): 3426 br s, 1603 s,
1573 s, 1499 s, 1459m, 1407 s, 1338 w, 1289 w, 1278 w, 1189m, 1150 w,
1049 w, 1013 w, 803 m, 748 m, 728 m. Elem anal. Calcd: C, 39.49; H,
2.98; N, 21.49. Found: C, 38.82; H, 2.87; N, 20.50.

[{Cd(μ-L)3}2{Cd3(μ3-I)}2](CdI4)·3H2O (4). A methanol (10 mL)
solution of CdI2·4H2O (0.047 g, 0.13 mmol), H2L (0.037 g, 0.1 mmol),
and triethylamine (0.010 g, 0.1 mmol) was sealed in a 15 mL Teflon-lined
reactor, heated at 160 °C for 3 days, and then cooled to room temperature
at 5 °C h−1. Subsequently, hexagonal-prism colorless crystals were obtained
in 55% yield based on Cd. IR (KBr, cm−1): 3428 br s, 1603 s, 1573 s,
1499 m, 1459 w, 1406 s, 1338 w, 1278 w, 1189 w, 1150 w, 1049 w, 1013 w,
802m, 748m, 728m. Elem anal. Calcd: C, 34.07;H, 1.81; N, 18.82. Found:
C, 34.13; H, 2.10; N, 18.91.

X-ray Crystallography.The intensity data were collected on a Rigaku
R-Axis Spider IP diffractometer (Mo Kα, λ = 0.71073 Å) for 1, on an
Oxford Diffraction Gemini R CCD diffractometer with Cu Kα radiation
(λ = 1.54178 Å) for 2 and 3, or on a Bruker SMART Apex CCD
diffractometer with Cu Kα radiation (λ = 1.54178 Å) for 4. CCDC 883876,
883878, 883879, and 883880 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge fromTheCambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Scheme 1
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The structures were solved by direct methods, and all non-H atoms
were refined anisotropically by least squares on F2 using the SHELXTL
program. H atoms on organic ligands were generated by the riding
model (Sheldrick, G. M. SHELXTL97, Program for crystal structure
ref inement; University of Göttingen: Göttingen, Germany, 1997).
Electron density contributions from disordered water molecules
were handled using the SQUEEZE procedure from the PLATON
software (Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7−13). A summary
of the crystallographic data and refinement parameters is provided in
Table 1.

■ RESULTS AND DISCUSSION

Syntheses and ESI-MS Studies. Single crystals of 1
consisting of pentanuclear mesocates were synthesized by a
one-pot solvothermal reaction of FeCl2·4H2O, H2L, and
triethylamine in a 5:6:6 molar ratio. When FeCl2·4H2O was
changed into MnCl2·4H2O, CdBr2·4H2O, and CdI2·4H2O,
complexes 2−4 were obtained, respectively, and found to have
octanuclear helicates. The molar ratio of metal salts and ligands
as well as the solvents were adjusted subsequently to pursue a
better yield for complexes 2−4. The final conditions were
described in the Experimental Section.
All of the samples are poorly soluble even after a vigorous

ultrasonic oscillation treatment in a DMF solvent. ESI-MS
measurements were still carried out for the filtrate. The spectra of
complexes 2−4 are shown in Figures 1−3. The predominant
peak with isotopic distributions of 0.5 peak separation allowed
the unambiguous assignment of 2+-charged species
[MnII8L6Cl2]

2+ (m/z 1351.3), [CdII8L6Br2]
2+ (m/z 1625.9),

and [CdII8L6I2]
2+ (m/z 1672.9), respectively, agreeing well with

the formation of octanuclear cations confirmed by single-crystal
measurements. Unfortunately, for complex 1, it decomposed
after the ultrasonic process and displayed numerous peaks in the
ESI-MS spectrum (Figure S1 in the Supporting Information, SI).
Nevertheless, among these peaks, the ones corresponding to
[FeII5L3OCl + nKCl]

+ species were identified. As a further attempt,

a DMF solvent containing crystals of 1 without oscillation was
also prepared and left for several days before measurement.
However, no related ion peak could be observed because of
insolubility (Figure S2 in the SI).

Single-Crystal X-ray Structure of 1.Complex 1 crystallizes
in the hexagonal space group P63/m. It consists of [{Fe2(μ-
L)3}{Fe3(μ3-O)(μ-Cl)3}]

− pentanuclear mesocates, H3O
+ coun-

tercations, and EtOH solvent molecules. The structure of the
mesocate is shown in Figure 4. Five Fe ions define a trigonal-
bipyramidal polyhedron, in which the Feapical−Feequatorial,
Feequatorial−Feequatorial, and Feapical−Feapical distances are
3.2590(17), 4.7459(12), and 8.714(3) Å, respectively. Three
C2-symmetric ligands wrap the polyhedron along its vertical
edges in a side-by-side style; each ligand coordinates to two apical
and one equatorial ions using two bidentate sites at the ends and
one tridentate site, respectively. Three equatorial Fe ions form an
equilateral triangle assisted by a central μ3-O-bridging atom and
three peripheral μ-Cl ions. The O atom locates exactly in the
center of the Fe3 triangle, exhibiting a uniform Fe−O bond
length of 1.8816(10) Å. Three Cl atoms are coplanar to the Fe3
triangle plane; they sit asymmetrically between two neighboring
Fe ions, resulting in a longer Fe−Cl distance of 2.759(3) Å and a
shorter one of 2.500(2) Å. Each equatorial Fe ion is in a distorted
N3OCl2 octahedral geometry with Fe−Npyridine and Fe−Ntriazole

bond lengths of 2.226(4) and 2.183(5) Å, respectively. Each
apical ion also locates in a distorted octahedral environment,
being coordinated by six N atoms from three chelating ligands,
thus becoming a chiral center. The Fe−Npyridine and Fe−Ntriazole

bond lengths are 2.355(4) and 2.184(4) Å, respectively. The
bond lengths of these Fe ions are typical of FeII in the high-spin
state. The mesocate molecule is of an ideal C3h symmetry,
possessing a C3 rotation axis passing through the two apical Fe
ions and the central μ3-O atom as well as a orthogonal mirror
plane defined by the {Fe3(μ3-O)(μ-Cl)3} triangle core. The two

Table 1. Crystallographic Data and Structural Refinement Summary for 1−4

1 2 3 4

formula C63H54Cl3Fe5N27O5 C116H86Mn8Cl4N54O16 C120H108Cd8Br2N56O16 C114H72Cd9I6N54O3

fw 1654.93 3073.7 3649.6 4019.26
temperature, K 298(2) 150(2) 150(2) 150(2)
cryst syst hexagonal monoclinic monoclinic trigonal
space group P63/m C2/c C2/c P3c1
a, Å 12.7902(5) 42.2021(11) 42.575(4) 13.8430(3)
b, Å 12.7902(5) 13.7700(1) 13.9018(4) 13.8430(3)
c, Å 22.4082(15) 24.8281(5) 25.2129(16) 41.0426(14)
α, deg 90 90 90 90
β, deg 90 122.843(3) 121.888(10) 90
γ, deg 120 90 90 120
V, Å3 3174.6(3) 12122.0(4) 1132.81(7) 6811.2(3)
Z 2 4 4 2
F(000) 1684 6224 7488 3816
ρcalcd, g cm

−3 1.731 1.684 1.997 1.960
μ(Mo Kα), mm−1 1.319 8.132 12.773 22.265
θ range, deg 3.19−27.38 2.49−60.00 3.41−62.47 3.69−59.99
reflns collected, Rint 8151, 0.0670 11876, 0.0208 16188, 0.0361 13467, 0.0310
indep reflns 2447 5944 9780 4821
R1a [I > 2σ(I)] 0.0586 0.0518 0.0529 0.0385
wR2b (all data) 0.2110 0.1452 0.1314 0.108
GOF 1.127 1.041 1.099 1.076
Flack x parameter 0.00(3)

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2/∑w(Fo

2)2]1/2.
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chiral apical Fe ions possess opposite chirality (Δ andΛ) because
of the side-by-side (nonhelical) arrangement of the ligands,
giving rise to a triple-stranded achiral mesocate.

Single-Crystal X-ray Structures of 2−4. Complexes 2-4
contain similar triple-stranded octanuclear cationic helicates but
different counteranions and solvents.

Figure 1. ESI-MS spectra of 2. The insets show the experimental and simulated isotopic distributions of the species.

Figure 2. ESI-MS spectra of 3. The insets show the experimental and simulated isotopic distributions of the species.
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Complex 2 crystallizes in themonoclinic space groupC2/c and
consists of [{Mn(μ-L)3}2{M3(μ3-Cl)}2]

2+ cationic helicates,
ClO4

− anions, MeOH andH2O solvent molecules. The structure
of the helicate is shown in Figure 5a. Eight Mn ions form a
distorted bicapped trigonal antiprism polyhedron, in which two
offset Mn3 triangles bridged by μ3-Cl atoms define the antiprism,
and the rest two Mn ions locate above and below the triangle
faces. Only half of the Mn ions are independent as a two-fold
rotation axis pass through the center. Average distance between
an apical Mn ion and an ion in the adjacent triangle is 4.62 Å, and
mean distance between twoMnII ions of differentMn3 triangles is
4.49 Å. Unlike the equivalent Fe3 triangle in 1, the Mn3 triangle is
scalene with an average Mn−Mn distance of 4.14 Å, which is in
accordance with the lower symmetry. In addition, the Cl atom
does not sit in the center of the triangle, it deviate slightly (0.31
Å) from theMn3 plane and bridges threeMn ions asymmetrically

with an average Mn−Cl bond length of 2.41 Å. Three pairs of
ligands with strong offset face-to-face π−π stacking interactions
(3.37−3.55 Å) wrap theMn8 polyhedron in a propeller-like form.
The coordination environments of metal ions are shown in
Figure 5b. Each Mn ion in the triangle is octahedrally
coordinated by a Cl atom and five N atoms from two ligands.
Mn−N bond lengths follow in the range of 2.18−2.50 Å. The
apical Mn ion is wrapped by three ligands with their bidentate
chelating sites and adopts distorted octahedral geometry.
Average Mn−N bond length is 2.27 Å. In contrast to 1, the
two apical ions possess the same chirality due to a screwed
arrangement of the ligands, resulting in a triple-stranded M(Λ,
Λ) or P(Δ,Δ) helix. (Figure 5c) Homochiral helicates pack in ab
planes via H-bond interactions with ClO4

− anions and solvent
molecules, giving rise to chiral layers. However, layers with
opposite chirality stack alternatively through π−π interactions
along the c axis, resulting in the overall racemic complex (Figure 6).

Figure 4. Structural features of the pentanuclear mesocate in complex 1:
(a) ball-and-stick representation of the mesocate; (b) coordination
environments and bridging pathways of Fe ions; (c) view of the
mesocate in space-filling mode from the c and c* directions. Color code
in parts a and b: Fe, yellow; C, gray; N, blue; O, red; Cl, green. H atoms
are omitted for clarity.

Figure 5. Structural features of the octanuclear helicate in complex 2: a)
Ball-and-stick representation of the ΔΔ-configurational helicate; b) the
coordination environments and bridging pathways of Mn ions and c)
Space-filling representation of the two enantiomers present in 2. Color
code in a) and b): Mn orange, C gray, N blue, O red,Cl green. H atoms
are omitted for clarity.

Figure 3. ESI-MS spectra of 4. The insets show the experimental and simulated isotopic distributions of the species.
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Complex 3 also crystallizes in space group C2/c. The structure
of the helicate and the three-dimensional crystal packing are
quite similar to those in 2. However, due to the incorporation of
bigger metal ions all coordination bond lengths elongate: Cd−N
bond lengths follow in the range of 2.27−2.55 Å and Cd−Br
bond lengths are between 2.65 and 2.73 Å. The size of the Cd8
polyhedron expand as well, with Cd−Cd distances of 4.59 Å (Cd
ions in different triangles), 4.67 Å (an apical and an equatorial
Cd ion) and 4.67 Å (Cd ions in the same triangle), respectively.
In addition, the intramolecular π−π stacking interactions are
weakened to 3.56−3.92 Å.
Complex 4 crystallizes in trigonal space group P3c1.43 Although

the helicate is of C3 rather than C2 symmetry, the overall arrange-
ment is still quite similar to those in 2 and 3. There is a three-fold
rotation axis passing through the apical Cd ions and the central
μ3-Cl ions; as a result, the two Cd3 triangles are equilateral with
edge lengths of 4.9329(15) and 4.9253(15) Å, respectively. The
Cd−N bond lengths follow in the range of 2.29−2.58 Å and are
comparable with those in complex 3; the Cd−I bond lengths in
two triangles are 2.8464(9) and 2.8590(9) Å, respectively. As
shown in Figure 7, the crystal packing in 4 is different from those
in 2 and 3; nevertheless, it still consists of homochiral layers
stacking in the ab planes and heterochiral supramolecular layers
running along the c axis alternatively.
Formation of Mesocate versus Helicate. The mesocate

structure can be interpreted as a closed [FeII2(μ-L)3]
2− shell

wrapping a [FeII3(μ3-O)]
4+ triangle core inside, while the helicate

structure can be viewed as two propeller-shaped [MII(μ-L)3]
4−

units embedded together through π−π interactions, wrapping
two [MII

3(μ3-X)]
5+ triangles inside. In view of the symmetry

demand, a [MII
3(μ3-O/X)]

n+ triangle core can provide a three-
fold axis and a mirror plane for an idealized C3h-symmetric triple-
stranded mesocate as well as a two-fold axis along the MII−O/X
bond for an idealized D3-symmetric helicate, thus being utilized
as the perfect template to assist the formation of such structures.
Particularly in this case, the helicate and mesocate can be selec-
tively stabilized by the triangles of different sizes; namely, the
smaller [FeII3(μ3-O)]

4+ triangle (triangle edge length = 3.2 Ǻ)
prefers the formation of a mesocate, while the bigger [MII

3-
(μ3-X)]

5+ triangle ([Mn3(μ3-Cl)]
5+ = 4.1 Å, [CdII3(μ3-Br)]

5+ =
4.7 Å, and [CdII3(μ3-Br)]

5+ = 4.9 Å) inclines to stabilize a helical
product. Such selectivity arises from the size matching effect
between the cavity formed by the [FeII2(μ-L)3]

2− or [MII-
(μ-L)3]2

8− shell and the included triangle cores. In the mesocate
family, three wrapping ligands adopt a “closed” arrangement,
resulting in a small cavity whose size is restricted in order to
ensure reasonable coordination geometries of the apical metal
ions. As a result, only the smaller [FeII3(μ3-O)]

4+ core matches
the cage perfectly, while the others are too big to be embraced. In
contrast, the cage in the helicate family is bigger and more
adjustable because the two [MII(μ-L)3]

4− units adopt a screwed

Figure 6. Packing diagram of 2 showing a homochiral layer packed in the ab plane (a) and heterochiral layers running along the c axis alternatively (b).

Figure 7. Packing diagram of 4 showing a homochiral layer packed in the ab plane (a) and heterochiral layers running along the c axis alternatively (b).
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one-end-opening arrangement, allowing for the inclusion of a
bigger triangle core.
It is worth mentioning that the yields of the helicate complexes

2−4 (>50%) are much higher than that of the mesocate complex
1 (<10%). Theoretically, homochiral helicates are the con-
sistently preferred product in the self-assembly process because
they have a lower total energy.19 In the present case, the ligand in
the mesocate is seriously distorted in order to satisfy the
coordination environments of the metal ions as well as to avoid a
crash between the three head pyridines around the apical ion
(Figure S3 in the SI), while such a strain is effectively released in
the helicate because of a flexible screwed coordination mode.
Besides, the helicate structure could be additionally stabilized by
abundant intamolecular π−π stacking interactions. However, the
mesocate structure could still be obtained because of kinetic
trapping in the presence of the appropriate triangle core template
and rapid separation benefiting from the low solubility.
Magnetic Properties. Magnetic susceptibility measurements

were carried out on crystalline samples of 1 and 2 with an applied
magnetic field of 500 Oe in the temperature range of 300−2 K. As
shown in Figure 8, the χMT value of 1 is 12.3 cm3 Kmol−1 at 300 K,

which is smaller than the spin-only value (15 cm3 K mol−1) for
five noninteracting high-spin FeII ions (S = 2), assuming an
isotropic g value of 2.00. Upon cooling, the χMT value gradually
decreases to 10.3 cm3 K mol−1 at 50 K and then drops sharply to
5.1 cm3 K mol−1 at 2 K. The sharp decrease below 50 K is
probably due to the zero-field-splitting effect. The χMT value of 2
at 300 K is 32.9 cm3 K mol−1, corresponding to eight isolated
MnII ions (S = 5/2; g≈ 2). With decreasing temperature, the χMT
value decreases to 9.79 cm3 K mol−1 at 2 K. The magnetic
behavior of 1 and 2 suggests the existence of an overall anti-
ferromagnetic coupling in these complexes.
Electronic structure calculations based on density functional

theory (DFT) have been employed to obtain the exchange
coupling constant values for 1 and 2. The B3LYP function44 and
an all-electron basis set45 using the Jaguar46 andGaussian47 codes
were employed following a procedure described previously,48−52

using the following Heisenberg−Dirac−van Vleck Hamiltonian:

∑̂ = − ̂ ̂
<

H J S S
a b

ab a b
(1)

where the Jab values are the exchange coupling constants be-
tween the different paramagnetic centers present in the system.
Two exchange coupling constants were adopted for the highly
symmetric Fe5 complex 1 (Figure 9a): the J1 value between two

FeII ions of the triangle and the J2 value between a Fe
II ion in the

triangle core and an axial FeII ion. In the case of the Mn8 complex
2, three J values were considered (Figure 9b): J1 between two
MnII ions of the same triangle, J2 for the coupling of a MnII ion in
the triangle and an apical MnII ion, and J3 between two MnII ions
of different Mn3 triangles. A [{FeII2(μ-L)3}{Fe

II
3(μ3-O)

(μ-X)3}]
− model and a [{MnII(μ-L)3}2{MnII3(μ3-Cl)}2]

2+

model were employed for 1 and 2, respectively. The calculated
values are collected in Table 1.
The results for 1 show a predominant antiferromagnetic inter-

action in the central Fe3 triangle, while the interaction through
the triazole bridging ligands is slightly ferromagnetic, leading to
an S = 5/2 ground sate. Using these calculated values as the
starting set of a fitting procedure of the experimental magnetic
susceptibility, similar fitted J values (see Table 2 and Figure 8)

were obtained with a g value of 2.04. Although there is no
precedent {FeII3(μ-Cl)3(μ3-O)}

+ unit in the literature to compare
with, the case for both metal ions bearing one unpaired electron in
the dx2−y2 orbital promotes a relatively strong antiferromagnetic
interaction in the presence of chloride and oxo bridging ligands,
thus providing a good overlap between such magnetic orbitals.
For comparison, DFT calculations were also carried out for

our previously reported similar Fe5 complex,39 which has an
inequilateral Fe3 triangle bridged by a μ3-O center and adopts a
less symmetric structure. The calculated B3LYP average J1 and J2
values are −64.7 and −0.85 cm−1, respectively, in excellent
agreement with the fitted values, −62.14 and −1.36 cm−1. The
comparison between the two Fe5 complexes shows that the

Figure 8. Variable-temperature magnetic susceptibility studies of 1 (□)
and 2 (○). The solid lines correspond to the fitted J values collected in
Table 2.

Figure 9. Magnetic exchange coupling pathways in 1 (a) and 2 (b).

Table 2. Calculated DFT J Values (in cm−1) and Those Fitted
Using Experimental Magnetic Susceptibility (See Figure 8) of
1 and 2

complex J value bridging ligand Jcalc Jfit

1 J1 (μ3-O)(μ-Cl) −52.3 −41.2
J2 (μ-N2:triazole) +4.0 +7.6

2 J1 (μ3-Cl) −9.1 −2.6
J2 (μ-N2:triazole) −0.4 −0.2
J3 2(μ-N2:triazole) −1.1 −0.7
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additional chloride bridging ligands in 1 weaken the antiferro-
magnetic coupling between the FeII ions of the central triangle.
Analysis of the exchange pathways for the J2 interaction shows
significant differences between the two complexes that could
explain the change in the nature of the interaction. In the
symmetric complex 1, the Fe···Fe distance is 4.746 Å and the Fe−
N−N−Fe torsion angle is 16.8°, while in the previously reported
nonsymmetric Fe5 system,39 the average values for such struc-
tural parameters are 4.492 Å and 10.4°, respectively.
For the nonsymmetric Mn8 complex 2, all sets of J values

confirm the presence of weak antiferromagnetic interaction in
such a system and they lead to an S = 0 ground state. The fitted
J values (see Table 2 with a fitted g = 2.014) are slightly smaller
than those obtained with the DFT calculations. As for the Fe5
complex, the strongest antiferromagnetic interaction corre-
sponds to the couplings inside the triangles, in this case through
a single μ3-Cl bridging ligand. However, it is worth remarking
that the exchange interaction through both μ3-O and μ-Cl
bridging ligands of complex 1 provides much stronger anti-
ferromagnetic coupling than the single μ3-Cl bridging ligand of 2.
The three interactions through a double μ-N2 (triazole) between
MnII ions of different triangles (J3) are stronger than that with
only one μ-N2 (triazole) single bridging ligand, which corresponds
to the interaction between a MnII cation of the triangle and external
MnII centers (J2). For the J2 interactions, the average Mn···Mn
distance is 4.62 Å and the Mn−N−N−Mn torsion angle is 10.9°,
intermediate values in comparison with the two studied Fe5
complexes.

■ CONCLUSIONS
In this study, we reported the successful construction of novel
triple-stranded cluster helicates templated by a [MII

3(μ3-O/X)]
n+

triangle core. Two possible self-assembled products, pentanuclear
mesocate and octanuclear helicate, could be selectively stabilized
by employing the triangle core of different sizes; namely, the
smaller core tends to induce the formation of a mesocate, while
the one with bigger size results in a helicate structure. Magnetic
susceptibility measurements and DFT calculations were per-
formed for complexes 1 and 2, which revealed an overall intra-
cluster antiferromagnetic coupling. We believe that such a
synthetic strategy could be exploited to design more intriguing
cluster helicates and mesocates with novel properties.
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S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. Gaussian 09, revision A.1; Gaussian Inc.: Wallingford, CT,
2009.
(47) Jaguar 7.0; Schrödinger, LLC: New York, 2007.
(48) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J. J. Am. Chem. Soc. 1997,
119, 1297−1303.
(49) Ruiz, E.; Cano, J.; Alvarez, S. Chem.Eur. J. 2005, 11, 4767−
4771.
(50) Ruiz, E.; Cauchy, T.; Cano, J.; Costa, R.; Tercero, J.; Alvarez, S. J.
Am. Chem. Soc. 2008, 130, 7420−7426.
(51) Ruiz, E. Struct. Bonding (Berlin) 2004, 113, 71−102.
(52) Ruiz, E.; Alvarez, S.; Cano, J.; Polo, V. J. Chem. Phys. 2005, 123,
164110(1)−164110(7).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3024056 | Inorg. Chem. 2013, 52, 1099−11071107


