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The macrocyclic complexes [(13-CsHC,-4-py),Fe],Ni,-
(NO3)s (2), [(M>-CsHyCo-3-py)sFel2Ag,(ClO), (4), and [(n*-
C5H,4C,-3-py),Fe],Pd,Cly (5) were obtained by reaction of
[Ni(H20)6](NO3),, AgClOy4, and PACl,(COD) with the ligands
(°-CsH4C,-4-py),Fe (1) and (n°-CsH,C,-3-py).Fe (3), re-
spectively, under high dilution conditions (Scheme 1). The
molecular motifs of 2, 4, and § were studied by single-crystal
X-ray structural investigations. Elemental analyses and 'H
NMR and IR spectra were also used to confirm the structures.
Compound 2 represents an unsymmetric paddlewheel, in
which the centers of the four Cp rings define a nearly ideal
rectangle with dimensions of 20.2 x 3.3 A In principle, mac-
rocycles 4 and 5 can also be described as rectangles, how-
ever, due to the 3-positioned nitrogen donors with deformed

edges (17.4 x 3.3 A for 4). In contrast to the offset packing
of the molecules in 2, the macrocycles in the crystal of 4 are
aligned, with trapped acetonitrile molecules in between. The
intra- and intermolecular Ag—Ag distances are 3.50 and 3.79
A, respectively. Cyclovoltammetric studies reveal chemically
reversible ferrocene-based redox reactions of 1-4. Although
no electronic communication was observed between the two
identical ferrocene units, a weak through-bond electronic in-
teraction between ferrocene and nickel, or silver, was estab-
lished. In 2 a weak antiferromagnetic interaction between
the nickel atoms was also found.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

A great number of bis(pyridine)-functionalized ligands
with different angles between their binding sites have been
rationally designed, synthesized, and treated with transition
metal complexes to obtain two-dimensional macrocyclic
molecular assemblies, such as molecular squares, triangles,
and other polygons.['-l With the increasing multitude of
motifs self-assembled from these nitrogen-functionalized
building blocks, a library of such supramolecular architec-
tures has been set up.l’) Stang and Fujita have made a huge
contribution to this field, although they have mainly em-
ployed pre-constructed cis-ML, (M = Pd/Pt) units.[!~4
Both metals are electrochemically and magnetically inert.
Hence, it is desirable to make accessible molecular polygons
and polyhedra with magnetic and redox-active centers.[!-”]
Although 1,1’-bis(diphenylphosphanyl)ferrocene (dppf) has
been used to obtain redox-active molecular squares, the
syn-dppf conformer is not part of the backbone.[':5 A struc-
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turally characterized molecular square containing an anti-
1,1’-ferrocenedicarboxylate moiety in its backbone was re-
cently reported by Cotton et al.l*3] Compared to systems
assembled from non-ferrocene bridges, its electrochemical
properties are rather unusual. The preparation of self-as-
sembled structures that contain functionalized sites capable
of showing interesting electronic, magnetic, and optical
properties is still a big challenge.[!]

Linked metallocenes, in particular those with extended
conjugated spacers, are redox-active and good candidates
for the investigation of through-bond electronic commun-
ication.[l Ideal models consist of two or more identical
metallocene units as spectators.l”-8! It has been demon-
strated that acetylene-bridged ferrocenes show third-order
non-linear optical properties.’! Furthermore, systems in-
corporating paramagnetic transition metal ions are good
candidates for novel molecular-based magnetic mat-
erials.!%!"l Dinuclear molecules based on dinickel, dicop-
per, and dimanganese cores, with different magnetic coup-
ling patterns, have drawn much attention in the last
decade.'>~ 14 Here, we present the synthesis and structure
of three redox-active tetranuclear supramolecular rectangles
2, 4, and 5, each bearing two ferrocene subunits and two
nickel(n), silver(1), and palladium(1) atoms, respectively, in
their backbone.
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Results and Discussion

Syntheses of the Macrocycles 2, 4, and 5

The macrocyclic motifs 2, 4, and 5 were obtained in
92—-95% yields by mixing a solution of the nitrogen donor
ligands 1,1’-bis(4- and 3-pyridylethynyl)ferrocene 1131 and
351 in  dichloromethane with a solution of
[Ni(OH,)6](NO3),, AgClO,4, or PACI,(COD) in methanol,
acetonitrile, or dichloromethane, respectively, under high-
dilution conditions!'® at room temperature (Scheme 1). Ele-
mental analyses are satisfactory and consistent with their
proposed structures. While the red silver compound 4 is at
least slightly soluble in polar organic media like acetonitrile,
the red nickel complex 2 shows only a very low solubility
in methanol and acetonitrile. Macrocycle 5 is insoluble in
these solvents, but slightly soluble in dichloromethane and
DMF. Complex 2 decomposes in DMF and DMSO.

Crystal Structures of 2, 4, and 5

To obtain detailed information about the structures of
the nickel(m)-, silver(1)-, and palladium(i)-containing
macrocyclic complexes 2, 4, and 5, X-ray structural investi-
gations were performed. Selected distances and angles are
summarized in Tables 1 and 2, respectively, and the corres-
ponding ORTEP plots with atom labeling are depicted in

Figures 1 and 2. Both compounds 2 and 4 crystallize in the
triclinic space group PI and each molecule has a center
of symmetry. They crystallize with three CH,Cl, and two
CH;CN solvent molecules, respectively.

Table 1. Selected distances [A] and angles [°] for 2-:3CH,Cl,

Nil-01 2.081(2) Nil—NilA 3.39
Nil-0O1A 2.112(2) Cpl (cent.)—Cp2 (cent.) 3.31
Nil-04 2.120(2) Fel—FelA 20.18
Nil-05 2.079(2) Cpl (cent.)—Cp2A (cent.) 20.24
Nil—N1 2.058(2) Fel—Nil 10.20
Nil —N2A 2.058(2) Fel—NilA 10.25
0O2—H41A 2.49 0O6—H41B 2.42
0O3—H40B 2.55

N1-Nil-0l 91.58(9) N2A-Nil-05 89.97(9)
NI1-Nil-O1A 92.42(9) OI1—-Nil—-04 115.06(9)
N1-Nil-04 89.37(9) O1-Nil-O1A 72.22(9)
N1-Nil-05 88.28(9) O5—Nil-04 61.40(10)
N2A—-Nil-01 90.00(9) O5—-Nil-0Ol1A 111.33(9)
N2A—-Nil-01A 90.70(9) NI—-Nil—N2A 176.81(9)
N2A—-Nil-04 87.45(9) Nil—-OI1—-NilA 107.79(9)

Both nickel atoms in 2 are octahedrally coordinated by
two nitrogen and four oxygen donor functions, forming a
trans-N,0, coordination sphere. The two trans-located ni-
trogen atoms are equidistant from the nickel atom (2.05 A),
while the four Ni—O bonds have lengths of between 2.08
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Table 2. Selected distances [A] and angles [°] for 4-2 CH;CN

Agl—01
Agl—-Ol1A
Agl—NI1
Agl-N2A
Agl—-N3B
Agl—-N3A
o1-Cl
02—l
04—Cl

Cp—py
(dihedral)

2.791(2)
3.743(2)
2.179(2)
2.170(2)
2.891(2)
2.705(2)
1.433(2)
1.434(2)
1.435(2)

6.12(4)

13.10(3)

Agl—AglA 3.50
Cpl (cent.)—Cp2 (cent.) 3.31
Fel—FelA 17.34
Cpl (cent.)—Cp2A (cent.) 17.42
Fel—Agl 8.65
Fel—AglA 9.03
Agl—Agl (intermolecular) 3.79
03-Cl 1.434(2)
py—py (dihedral) 6.17(4)
N1-Agl—-N2A 178.1(1)

and 2.12 A. However, the nickel-centered angles of the octa-
hedron vary between 61 and 115°, indicating a considerably
distorted geometry around the nickel atom.

Complex 2 is constructed of a dinickel core with two
bridging ligands 1 [p-n'm'-1-N,N'] and four nitrate coun-
terions. The nitrate ions are coordinated in two different
modes to the nickel centers. Two of them function as p,-
bridging ligands, whereas the other two are m2-chelated.
Within a ligand 1 in complex 2, the N—N distance of 3.49
A is significantly shorter than the corresponding average
distance of 3.96 A in the free ligand 1,17 in which the repul-
sion of the nitrogen lone pairs has to be considered.

Concerning the dinickel core, the structure of 2 can be
designated as an unsymmetric paddlewheel consisting of the
coordinated nitrate ions and two moieties of ligand 1. The

47 C16
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Figure 1. Molecular structure of 2; ORTEP plot with thermal ellipsoids at 20% probability; solvent molecules are omitted for clarity; for
bond lengths and angles see Table 1

Figure 2. Molecular structure of 4; ORTEP plot with thermal ellipsoids at 20% probability; for bond lengths and angles see Table 2
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whole structure has the shape of a molecular rectangle in
which the four Cp rings occupy the vertices, whereas the
four metal atoms are located in the middle of the edges. The
lengths of the edges are 3.31 and 20.24 A, calculated from
the center points of the cyclopentadienyl rings. Both nickel
and iron atoms are separated by a distance of 3.39 and
20.18 A, respectively. In this molecule the four metal atoms
lie in a plane, creating almost a regular rhombus with
lengths of 10.20 (Fe—Ni) and 10.25 A (Fe—NiA) and
angles of 19° (Ni—Fe—NiA) and 161° (Fe—Ni—FeA). One
of the most important structural features of 2 is the co-
planarity of the entire inorganic entity (nickel atoms and
all four nitrates). The ferrocene units are positioned above
and below this plane. In the solid state, molecules of 2 are
offset positioned and separated by two crystallographically
different kinds of dichloromethane molecules (Figure 3).
Dichloromethane molecules of each kind are oriented head-

to-head. Weak contacts (shown by dotted lines in Figure 3)
between the solvent molecules and the macrocycles are
found, as indicated by the non-bonding distances of 2.42,
2.49, and 2.55 A for H(41B)—0(2), H(41A)—0(6), and
H(40B)—0(3), respectively.

Figure 3. Molecular packing of 2 showing the head-to-head
orientation of dichloromethane molecules, the offset arrangement
of 2, and the weak H---O contacts (dotted lines); aromatic protons
are omitted for clarity

Due to the 3-position of the nitrogen donors in ligand 3,
the structure of the cation in 4 is somewhat different from
that of 2. The former forms a distorted rectangle defined
by the central points of the four cyclopentadienyl rings
(Figure 2). If a connecting line is drawn between these
points, one pyridine ring is located in front of and the other
one behind this line. The dimensions of the rectangle are
17.42 X 3.31 A. All four transition metals (two silver and
two iron atoms) lie in a plane and the Fe—Fe and Ag—Ag
distances are 17.34 and 3.50 A, respectively. The het-
eroatom distances (Ag—Fe) are 8.65 and 9.03 A. Similar to
complex 2, the silver atom in 4 is nearly equidistant from
the two coordinated pyridine N atoms [2.170(2) and
2.179(2) A]. Only a slight deviation from a linear N—Ag—N
arrangement is observed (178.1°). The two CpC,py arms
on each side of the macrocycle are not oriented exactly par-
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allel, deviations with respect to Cp/py and py/py are 6.1/
13.1 and 6.2°, respectively.

In the crystals of 4 (Figure 4), both perchlorate anions
are positioned on opposite sides of the rectangular plane,
but are not coordinated to silver(1). The macrocycles of 4
are layered and acetonitrile is located between these rectan-
gular molecules. The molecules of 4 are held together along
the a axis by interactions between the bifurcated acetoni-
trile molecules and the macrocycles as indicated by the re-
markably short Ag—N distances of 2.705(2) and 2.891(2) A
compared to the corresponding sum of the van der Waals
radii. The inter- (Ag,N,) and intramolecular (Ag,0,)
planes deviate by an angle of 17.5°. Contrary to the offset
packing of macrocycle 2, the cationic macrocycle 4 is
aligned along the a axis with intra- and intermolecular
Ag—Ag distances of 3.50 and 3.79 A, respectively.

Figure 4. Molecular packing of 4 along the « axis presenting the
parallel alignment of the silver ions and the other components as
well as the weak Ag--O and Ag--N contacts (dotted lines); protons
are omitted for clarity

Due to the low quality of the crystal of 5, only a brief
description is given.['®!l The molecular structure of 5 is
similar to that of 4, and also has a center of symmetry.
Each palladium atom is additionally coordinated by two
trans-positioned chloride ions with PdCl, units about 45°
to the pyridine rings.

'H NMR and IR Spectroscopic Characterization of the
Macrocycles 2, 4, and 5

Because of the low solubility only '"H NMR spectra of
the macrocycles 4 and 5 could be recorded; the nickel(1r)
complex 2 is paramagnetic. Upon complexation of ligand 3
to silver(1) (4) and palladium(1) (5) a slight downfield shift
of the pyridine proton signals is observed. While only the
resonance at & = 7.05 ppm, which is assigned to 5-H of the
pyridine ring in 3 (numbering scheme is given in Scheme 1),
is markedly downfield shifted to 6 = 7.20 ppm in the di-
silver complex 4, all other protons of this entity remain un-
changed. In the 'H NMR spectrum of 5 the protons (2-H
and 6-H) adjacent to the nitrogen atom give rise to a re-
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markable downfield shift of 0.18 and 0.31 ppm, respectively.
On the other hand, notable upfield shifts of 0.27 and
0.31 ppm are observed for 4-H and 5-H. The AA’XX’ pat-
tern for the cyclopentadienyl rings in the spectra of 4 and
5 remains unchanged.

In the FT-IR spectra of 2, 4, and 5 the absorptions for
the C=N and C=C stretching vibrations are shifted (12—16
and 2—5 cm™!, respectively) to somewhat higher wave-
numbers relative to the free ligands 1 and 3. This is consist-
ent with the coordination of transition metals to nitrogen.
Intense bands at 1289/1218 and 1095/1050 cm™! are as-
signed to the stretching vibrations of the nitrate and per-
chlorate anions, respectively.

Electrochemical Investigation of 1—4

The redox properties of compounds 1—4 were investig-
ated in acetonitrile; cyclic voltammetric data are listed in
Table 3. The low solubility of the palladium complex 5 pre-
vents any studies of its electrochemical behavior. Although
the ferrocene-based redox reactions of 1—4 are chemically
reversible in each case, their electrochemistry is somewhat
different. While ligand 3 shows a diffusion-controlled one-
electron transfer reaction, the response of ligand 1 is dif-
fusion-controlled and dependent on the rate of electron
transfer. Isomeric ligands 1 and 3 show different redox po-
tentials, at 318 and 283 mV relative to that of ferrocene/
ferrocenium, respectively. They are more difficult to oxidize
than the unsubstituted parent ferrocene, which is due to the
electron-withdrawing nature of the substituents on the Cp
rings. However, the difference of 35 mV between 1 and 3
indicates the influence of the charge distribution on the
transfer of this effect. Although both ferrocene subunits of
complex 2 are oxidized at the same potential, it reveals a
32 mV positive shift relative to ligand 1. This finding
demonstrates a successful electron transfer from ferrocene
to the nickel atoms, but no communication between the two
ferrocene units.

Table 3. Cyclic voltammetric responses of compounds 1—4 in ace-
tonitrile

Compound E)» [mV] AE [mV] ipal fpe
Ferrocene 0 69 1.00
1 318 63 0.99
2 350 60 1.16M
3 283 71 0.96
4 273 70 1.04

[al' A background correction was not carried out because of the
adsorption nature of this complex.

Compared to ligand 3 a negative shift of 10 mV was es-
tablished for the disilver complex 4. This effect is usually
not expected and is probably due to the weak c-electron
acceptor and strong n-donor capabilities of silver(1).2% As
a result of this back bonding and/or the charge distribution
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Figure 5. Cyclic voltammogram of 4 in acetonitrile/0.1 M tetrabu-
tylammonium hexafluorophosphate; concentration of 4: 1-107* m,
scan rate of 100 mV/s

order the ferrocene moieties are easily oxidized. Figure 5
shows the cyclic voltammogram of complex 4, the electro-
chemical response of which is diffusion-controlled, whereas
that of the dinickel complex 2 is more complicated due to
its adsorption character.

For a possible electronic communication between the two
ferrocene units the intramolecular iron—iron distances (2:
2.0 nm; 4: 1.7 nm) are of importance. Because of the well-
separated ferrocene building blocks the coulombic interac-
tion (through-space electronic coupling) is negligible. On
the other hand, the alignment of the molecular orbitals?!]
and the extent of conjugation!’! could be a reason for
through-bond electronic communication, as was observed
in a conjugated alkyne-bridged rhenium(ir) complex.?? In
spite of these favorable preconditions no electronic com-
munication was found in complexes 2 and 4.

Magnetic Investigation of Complex 2

The magnetic properties of the dinickel complex 2 were
studied at 10 T in the temperature range between 300 and
5 K. Experimental data obtained for the molar susceptibil-
ity and the calculated effective magnetic moment are plot-
ted in Figure 6. The general isotropic spin-Hamiltonian ex-
pression for the symmetrical dinickel compound is H =
—JSA'Sg (Sa = Sg = 1), where J is the coupling constant
between the two nickel(ir) atoms. Although no maximum
for yy in Figure 6 is found in the selected temperature
range, a non-linear fit of the experimental data for the sus-
ceptibility per nickel dimer using published expressions!>’]
yields the following values: g = 2.22%0.01, J =
—17.37£024 cm™ !, D = 787+0.17 cm™!, and p =
17.6+0.1%. The g value is reasonable for octahedrally co-
ordinated nickel(r),['3 and the coupling constant reveals a
weak, intramolecular, antiferromagnetic interaction be-
tween the nickel(i1) atoms. This coupling for the bis(p-oxo)-
bridged dinickel(11) complex 2 (Ni—Ni distance of 3.39 A)
is more significant than that observed for other dinickel
complexes in which two bridges consisting of two or more
atoms are present and both nickel units are separated by
distances of between 4.16 and 4.32 A,['3 although it is cle-

709



FULL PAPER

E. Lindner, R. Zong, K. Eichele, U. Weisser, M. Strobele

arly weaker than that of cyano-bridged dinickel com-
plexes.['?) Complex 2 also contains an uncoupled paramag-
netic impurity which is a chain-like polymer or oligomer[?4
which is formed even under high-dilution conditions. This
could not be separated from 2 because both entities show
very low solubility. The agreement factor R = 9.8-1073
shows that the curve is well fitted.

0.075
0.050

¥ o
0.025+

Ang (cm3 mol‘l)

0.000 T T T T T 0
0 50 100 150 200 250 300

Temperature (K)

Figure 6. Temperature dependence of the magnetic susceptibility
(squares, left scale) and effective magnetic moment (triangles, right
scale) of 2; the solid lines represent the best-fit curves

Conclusion

Functionalized heterotetranuclear regular and distorted
rectangles bearing two redox-active ferrocene subunits and
a pair of transition metal atoms each were made accessible
by coordination-driven spontaneous self-assembly. Al-
though silver is considerably bigger than nickel the separa-
tion between the two equal transition metal atoms in the
dimetallic Ag, and Ni, cores is rather similar (3.50 vs. 3.39
A). This behavior is mainly controlled by the kind of li-
gands employed (1 or 3). Due to the different positions of
the nitrogen atoms in ligands 1 and 3, the molecular struc-
ture of 2 is an ideal rectangle, whereas 4 and 5 are deformed
rectangles. No long-range through-bond electronic com-
munication was established in the macrocyclic complexes 2
and 4. Two factors should mainly be responsible for this
observation: (i) both ferrocene building blocks are separ-
ated by a distance of more than 1.7 nm, and are thus too
far away to communicate, and (ii) the Ni, and Ag, cores
fail to transmit the Cp—C=C—py conjugation.>>) However,
a weak influence of the Ni'l and Ag' atoms on the redox
potential of the ferrocene units has been established
through the conjugated bonds in spite of a separation of
1 nm. In the case of the nickel(i1) complex 2, a weak antifer-
romagnetic interaction between the intramolecularly ar-
ranged nickel(1) atoms was found.

Experimental Section

General Remarks: All reactions and manipulations were carried out
under argon by use of standard Schlenk techniques except other-
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wise noted. Acetonitrile and dichloromethane were dried with cal-
cium hydride and distilled, degassed, and stored under argon. FT-
IR data were obtained with a Bruker IFS 48 FT-IR spectrometer.
The EI mass spectrum of ligand 3 was recorded with a Finnigan
TSQ 70 (200°C) instrument. 'H and 3C{'H} NMR spectra were
recorded at 25 °C with a Bruker DRX 250 spectrometer operating
at 250.13 and 62.90 MHz, respectively. '"H and '*C NMR chemical
shifts are referenced to partially deuterated and deuterated solvent
peaks, and are reported relative to TMS. Elemental analyses were
carried out with an Elementar Vario EL analyzer. All electrochem-
ical experiments were performed with a Bioanalytical CV-50W Vol-
tammetric Analyzer (BAS, West Lafayette, IN, USA) controlled by
a standard 80486 personal computer (control program version 2.0).
For electroanalytical experiments a Metrohm platinum-tip elec-
trode (Filderstadt, Germany) was applied as working electrode. The
counter electrode was a platinum wire of 1 mm in diameter. A
single-unit Haber-Luggin Ag*/Ag double reference electrode was
used. The resulting potential values are referenced to Ag/Ag™ (0.01
M in CH3CN/0.1 M BuyNPFg). Ferrocene was used as an external
standard. Its potential of 102.5 mV was determined by separate
cyclic voltammetric experiments in the respective solvent, and all
potentials in the present paper are reported relative to the fe/fc™
standard. For cyclic voltammetry, a glass-tight full-glass three-elec-
trode cell was used; its assembly for the experiments has been de-
scribed previously.l>®! The cell was purged with argon before it was
filled with the electrolyte. Background curves were recorded before
adding the substrate to the solution. These were later subtracted
from the experimental data of the samples (excluding complex 2).
The automatic BAS CV-50 W iR-drop compensation facility was
used for all experiments. Magnetic susceptibility of a powdered
sample packed in a capsule was measured using a SQUID
Quantum Design MPMS magnetometer at 10000 Gauss over the
temperature range 5—300 K. All data were corrected for sample-
holder contribution. The diamagnetism of the sample and para-
magnetism of nickel(ir) were represented by a parameter in the non-
linear fit equation. This parameter was found to be
(5.4+1.4)x10~*  emu/mol. Compounds 1,[151 3151 and
[PACL,(COD)]?7 were synthesized according to literature methods.
AgClO,4 and Ni(NOs),*6H,0, were used as received without fur-
ther treatment.

Complex 2: Solutions of nickel(1r) nitrate hexahydrate (74 mg,
0.25 mmol) in methanol (50 mL) and of ligand 113! (98 mg,
0.25 mmol) in dichloromethane (50 mL) were simultaneously ad-
ded dropwise to a stirred mixture of dichloromethane and meth-
anol (50/50 mL) within 4 h at room temperature. The resulting red
mixture was stirred for 20 h at the same temperature. Then, the
solvents were removed under vacuum. The red residue was washed
with methanol (2 mL) and dichloromethane (5 mL) and dried in
vacuo for 15 h. Yield 136 mg (92%), red solid, m.p. > 270°C. FT-
IR (KBr,cm™1): ¥ = 2207 s (C=C), 1611 vs (C=N), 1289 s (NO5 "),
1218 sh (NO37). CysH3,Fe;NgNi»015°0.5CH,Cl, (1184.37): caled.
C 49.18, H 2.81, N 9.46; found C 49.12 H, 2.88 N 9.25.

Ligand 3: This ligand was prepared by a published method,!" and
further purified by recrystallization from dichloromethane and ace-
tonitrile. Red crystals, m.p. 195°C. '"H NMR (CD,Cl,, ppm): § =
8.50 (dd, “Jyp = 2.20, Jgy = 0.82 Hz, 4 H, 2-H, CsHyN), 8.35
(dd, 3Jyp = 4.87, *Jyn = 1.73 Hz, 4 H, 6-H, CsH,N), 7.63 (ddd,
Sana = 791, Ygn = 1.92, Uun = 1.92 Hz, 4 H, 4-H, CsH,N),
7.05 (ddd, 3y = 791, Yy n = 4.87, 3Jyu = 0.82 Hz, 4 H, 5-H,
CsHuN), 4.50 (m,1?81 8 H, C,H,C), 429 (m,*! 8 H, C,H,O).
BC{'H} NMR (CD,Cl,, ppm): § = 152.17 (C-2), 148.23 (C-6),
138.11 (C-4), 123.24 (C-5), 121.10 (C-3), 90.55, 83.79 (C=C), 73.38,
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7141 (CH,C), 66.96 (C,H,C). MS (EI): mlz 388.0 [M™].
IR (KBr, em™'): ¥ = 2206 s (C=C), 1581 w (C=N).
CaH 6FeN,+0.05CH,Cl, (392.50): caled. C 73.60, H 4.13, N 7.14;
found C 73.44, H 4.18, N 6.98.

Complex 4: Solutions of ligand 3 (42 mg, 0.108 mmol) in a mixture
of acetonitrile/dichloromethane (25/2 mL) and of silver(1) perchlor-
ate (23.5mg, 0.114 mmol) in acetonitrile (20 mL) were simultan-
cously added dropwise to stirred dichloromethane (20 mL) at room
temperature during a period of 2 h. After the addition, the mixture
was stirred for 24 h at the same temperature followed by the re-
moval of solvents under vacuum. The precipitate was filtered (P3)
and washed with dichloromethane (3 mL) and finally dried in va-

cuo. WARNING: This perchlorate complex is hazardous because of

the possibility of explosion! Compound 4 exploded at about 220 °C
during the measurement of the melting point! Special care should
therefore be taken and only very small amounts of the sample should
be handled! Yield 64.5 mg (94%), red powder, m.p. > 220°C (explos-
ive!). '"H NMR (CDsCN, ppm): & = 8.49 (dd, *Jyy iy = 2.20, 3y =
0.71Hz, 4 H, 2-H, CsHyN), 8.41 (dd, 3Juyy = 4.94, “Jyn =
1.57 Hz, 4 H, 6-H, CsH,N), 7.64 (ddd, 3Jyyp = 7.98, “Jpy1q = 1.88,
“un = 1.88Hz, 4 H, 4-H, CsHyN), 7.20 (ddd, 3Jyy = 7.98,
Uun = 494, 5y = 0.71 Hz, 4 H, 5-H, CsH,N), 4.50 (m,1?1 8
H, C,H,C), 429 (m,* 8 H, C4H,C). IR (KBr, em™ ). ¥ =
2211 m (C=C), 1593 w (C=N), 1095 vs, 1050 s (ClO4").
CysH3,Ag,CLFe,N,Og:CH;CN:0.5 CH,Cl, (1274.66): caled. C
47.59, H 2.85, N 5.49; found C 47.30, H 2.83, N 5.30.

Table 4. Crystal data and structure refinement for 2 and 4

Complex 5: Solutions of ligand 3 (77 mg, 0.2 mmol) in dichlorome-
thane (50 mL) and of [PdCl,(COD)] (57 mg, 0.2 mmol) in dichloro-
methane (50 mL) were simultaneously added dropwise to stirred
dichloromethane (50 mL) at room temperature during a period of
1 h. After the addition, the mixture was stirred for 20 h at the same
temperature followed by the removal of solvents under vacuum.
The precipitate was filtered and washed with dichloromethane
(3 mL) and finally dried in vacuo. Yield 107 mg (95%), red powder,
m.p. > 270 °C. '"H NMR (CD,Cl,, ppm): § = 8.68 (d, “Jyu =
2.51Hz, 4 H, 2-H, CsHyN), 8.66 (dd, 3Jyyu = 6.08, Jyy =
1.30 Hz, 4 H, 6-H, CsH,N), 7.36 (ddd, 3Jy1 1 = 7.96, “Jy i = 1.90,
“Jun = 190Hz, 4 H, 4-H, CsHyN), 6.74 (ddd, 3Juyy =
7.96, *Jyu = 6.08, SJyy = 0.67Hz, 4 H, 5-H, CsH,N), 4.55
(m,%18 H, C,H4C), 4.30 (m,*’ 8 H, C4,H4C). IR (KBr,cm™1): ¥ =
2209 s (C=C), 1596 w (C=N), 1095 vs, 1050 s (ClO4").
CysH3,ClFe,NyPd, (1131.15): caled. C 50.97, H 2.85, C1 12.54, N
4.95; found C 50.58, H 2.68, Cl 12.57, N 4.83.

X-ray Crystallographic Study: Crystallographic and data collection
information as well as a description of the structural analyses and
refinements for complexes 2 and 4 are summarized in Table 4.
Single crystals of 2 were obtained by slow diffusion of a solution
of ligand 1 in dichloromethane into a solution of nickel(11) nitrate
hexahydrate in methanol.’%! Suitable single crystals of 4 were ob-
tained by slow diffusion of a solution of ligand 3 in dichlorome-
thane into a solution of silver(1) perchlorate in acetonitrile. Crystals
of 5 were obtained by slow diffusion of a [PdCl,(COD)] solution

2'3CH2C12 4'2CH3CN
Empirical formula C51H38C16F62N8Ni2012 C52H33Ag2C12Fe2N603
Formula mass 1396.72 1273.22
Crystal system triclinic triclinic
Space group P1 Pl
a[A] 8.0907(17) 7.0579(8)
b [A] 13.424(2) 10.5149(10)
¢ [A] 13.955(2) 16.5415(15)
a[°] 71.45509) 75.829(7)
B 75.946(11) 85.663(9)
v [°] 75.045(14) 85.196(8)
VA3 1366.7(4) 1184.1(2)
V4 1 1
deaera, [grem ™3] 1.697 1.785
Temperature [K] 173(2) 173(2)
F(000) 706 636
Crystal size [mm] 0.1x0.4%x0.4 0.1x0.8x0.2
Wavelength [A] 0.71073 0.71073
0 limits [°] 2.55to 27.49 2.00 to 27.50
hkl ranges -10=h=8 -9=h=9
-l6=k=16 -13=k=13
-17=1=18 2l=/=21
Reflections collected 11739 10851
Reflections unique 6214 (R, = 0.0255) 5426 (R;,; = 0.0189)
Completeness to 6 = max. 99.0% 99.7%
Absorption correction empirical empirical

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness of fit on F?

Final R indices [/ > 2o(D)]!

R indices (all data)

Extinction coefficient .
Largest diff. peak and hole [e-A ™3]

0.3614 and 0.2643

full-matrix least-squares on F?
6214/0/380

1.021

R1 = 0.0425, wR, = 0.1115
R1 = 0.0561, wR, = 0.1189
0.0024

1.175 and —0.696

0.5151 and 0.3983

full-matrix least-squares on F?
5426/0/327

1.072

R1 = 0.0236, wR, = 0.0613
R1 = 0.0272, wR, = 0.0630
0.0082(4)

0.520 and —0.500

B Ry = Fol = |FNFl; wRy = {[w(Fo* = F)Uw(F)10.
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in dichloromethane into a dichloromethane solution of ligand 3 at
room temperature. Each crystal was fixed on a glass fiber using
perfluoropolyether RS 3000 and transferred to a Siemens P4 dif-
fractometer (2, 4) or a Stoe IPDS diffractometer (5) equipped with
a graphite-monochromated Mo-K, radiation unit. The lattice con-
stants for both macrocycles 2 and 4 were determined by 50 precisely
centered high-angle reflections. Intensities were collected by the ®-
scan technique. An empirical absorption correction was performed
in each case. The structures of 2 and 4 were solved by direct
methods with SHELXTL V5.1 (NT version)*!l and refined by le-
ast-squares methods with the same program, with anisotropic ther-
mal parameters for all non-hydrogen atoms. All hydrogen atoms
were located in calculated positions (riding mode). In 2, one of
the dichloromethane molecules (near the corner of the unit cell in
Figure 3) is disordered about the center of inversion. The largest
peak and hole in the last difference synthesis were 1.175/—0.696
(2), and 0.520/—0.500 (4) e-A~3, respectively. The structure of 5
was solved by direct methods with SHELXS.[3l CCDC-190120 (2)
and -190121 (4) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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