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The synthesis and structural properties of tetraazamacro-
cyclic ligands and their neutral and protonated 14-, 15- and
16-membered complexes of Cu!! and Ni' are described.
Molecules of the free 14-membered ligands have a non-
planar, step-like structure of the central molecular fragments.
Conformational changes are introduced upon protonation,
with the protons pointing above and below the macrocycle
plane. This prevents the formation of intramolecular N-H---N
hydrogen bonds. On insertion of the transition metal ions a
planar structure of the macrocycle is obtained, which has
consequences for the electrochemical behaviour of the com-
plexes. The deviations from planarity increase with increas-

ing macrocycle size. As a consequence the donor properties
are weaker, the redox potential is shifted towards more posi-
tive values and the contribution of chemical reactions can be
observed. The formation of host-guest complexes between
the strongest metal-containing donors and transition-metal-
containing bismacrocyclic acceptors of suitable size is proved
in solution and the gas phase by voltammetric and ESI MS
methods. The transition metal building blocks described in
this contribution can be applied in the synthesis of new re-
dox-active rotaxane and catenane systems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The well-known ability of azamacrocyclic ligands to stabi-
lize unusual oxidation states of coordinated transition metal
ions makes them a promising tool for the construction of
molecular devices. Recently, we have reported the self-as-
sembly of [2]catenanes built from an electron-rich component
(dibenzo-24-crown-8) and an electron-deficient unsaturated
bis-macrocyclic [14]cyclidene complex that coordinates two
metal ions [either the samel!!l or different (copper and nickel)
1], The electron-rich benzene rings of the interlocked crown
ether in these compounds adopt a conformation that maxi-
mizes the donor—acceptor interactions with the bismacro-
cyclic subunit. By applying appropriate potentials, the coordi-
nated metal ions can be oxidized selectively to the higher oxi-
dation state (+3), which favours the interaction of these
centres with the m-electron-rich aromatic rings of the crown
unit. As a consequence, the relocation of the crown towards
the oxidized metal centre takes place.
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The introduction of an additional transition metal centre
into similar supramolecular systems would enhance the
prospects for the control of their properties. Therefore, the
aim of this work is to synthesise some neutral macrocyclic
complexes of the transition metals which could be used as
n-electron-rich building blocks for the self-assembly of
intertwined molecules. We have focused on dianionic tet-
raimine macrocyclic ligands substituted in the meso posi-
tions with some reactive groups. These groups could then
be used for the extension of the ligand superstructure. The
synthesis of the 14-membered tetraimine 4 (see Scheme 1)
was recently reported by Takamura, although the 15- (5)
and 16-membered (6) analogues were not accessible by this
procedure. We have synthesised the 15- and 16-membered
derivatives following a template Jiger synthetic strategy!®>!
from 2-formyl-3-hydroxypropenoic methyl ester and the ap-
propriate diamines.

In this paper, we describe the synthesis of a series of neu-
tral azamacrocyclic complexes of Cu and Ni and character-
ise their structures and redox properties. We also demon-
strate their unique complexing abilities, which can be tuned
simply by changing the size of the macrocycles in the host
and guest molecules. The latter property is of special impor-
tance since the macrocyclic complexes may be considered as
building blocks for new rotaxane-like meccano-molecular
devices, which are one of the long-term goals of our project.

Eur. J. Inorg. Chem. 2007, 172-185



Tetraazamacrocyclic Complexes of Copper(II) and Nickel(II)

oCH,
O=5—OCH, 2
2 P\% 2 H,NCH,CH,NH, H \/
O OH
| Z\H i
,. OCH;
M= Nl 4Ni
M=Cu  4Cu

H,NCH,CH,NH
H,NCH,CH,CH,NH, N2~ 2 2 2

HNCH,CH,NH, {

G

FULL PAPER

N HO N HO
< [ MV M
I\,I HO N HO
g kf f
O™ oc, 07 ek, oCl,
2 3 M= Ni© 3Ni
M= cu 3Cu
H,NCH,CH,CH,NH,
O=—OCIl, 0=—OCH, O=5~OCH,
7z X = ]
/ \ NN
NCNT H,NCH,CH,CHONH, NP N
M - M /N
T\; N 0 I\,I N
- P L
0 0 0™ ™>ocH
OCH, | OCH, :
M~ Nii 6Ni M= Ni 2Ni M= Ni" SNi
M=cu’ 6Cu M=Cu’ 2Cu M= Cu’ 5Cu
Scheme 1. Synthesis of neutral macrocyclic complexes of Ni'l and Cu'’.
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Scheme 2. Demetallation of complexes 5Cu and 6Ni.
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(a) n

Figure 1. Thermal ellipsoids and atom numbering schemes in 4 (a), 4Cu (b), 4Ni (c), 5Ni (d), 6Ni (e), 10Ni (f), 4[HCI], (g) and the first
(h) and second (i) molecules of 6]HPFg],. The atoms related by symmetry are labelled with the letter “A”.
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Results and Discussion

Synthesis

The synthesis of the nickel(IT) and copper(II) complexes
4Ni, 4Cu, 5Ni, 5Cu, 6Ni and 6Cu is summarised in
Scheme 1. The 14-membered ligand 4 was obtained by di-
rect condensation of an equimolar mixture of 2-formyl-3-
hydroxypropenoic methyl ester®® and ethylenediamine.[3
Refluxing the ligand 4 with nickel(II) or copper(Il) acetate
in methanol solution gave the neutral complexes 4Ni and
4Cu, respectively. The reaction of 2-formyl-3-hydroxypro-
penoic methyl ester with diamines in a 2:1 ratio followed by
complexation with nickel or copper acetate gave the com-
plexes 2Ni or 3Ni and 2Cu or 3Cu, respectively.l) The tem-
plate reaction with a second diamine molecule afforded the
15- and 16-membered complexes. However, the reaction of
the chelates 2Ni and 2Cu with an excess of ethylenediamine
produced mainly the 14-membered complexes 4Ni and 4Cu,
respectively.

The decomplexation of 5Cu and 6Ni by treatment with
an excess of methanesulfonic acid in aqueous solution, fol-
lowed by precipitation with NH4PF¢, afforded the free li-
gands as their diprotonated hexafluorophosphates S[HPFg],
and 6[HPFg],, respectively (Scheme 2).

Structural Properties

Figure 1 shows thermal ellipsoid representation of atoms
with atomic labels for the series of neutral and protonated
macrocyclic compounds studied and their complexes with
Ni'T or Cu'! ions. All compounds crystallise in centrosym-
metric space groups with molecules located at special posi-
tions (inversion centre or mirror plane). Therefore, only half
of all atoms constituting a given molecule and correspond-
ing solvent molecules, or counterions, are independent in
all cases (see the Experimental Section for crystallographic
details).

All the compounds described are composed of tetraaza-
macrocyclic rings with different numbers of atoms (14, 15
or 16). The electron density of the 16-membered rings is
delocalised over the chelate rings and the functional groups.
As a result, a bond-length alternation is present in those
parts of the molecules. In the case of 4Cu, 4Ni, SNi, 6Ni
and 10Ni*>7 the Cu" or Ni'! ions are coordinated by the
nitrogen atoms from the macrocyclic ligands to form
square-planar complexes. In the free ligands (4[HCI|, and
6|[HPF],), all of the nitrogen atoms are protonated and the
conformation of the molecule is completely different. In all
cases, except for 10Ni, the macrocyclic ring is functionalised
with two methoxycarbonyl groups, which can adopt either
trans or cis conformations (see Figure 1, parts h and i). The
14-membered ring of 10Ni has two types of substituents,
namely two acyl and two methyl groups located trans to
each other, thus confirming the structural results of Alcock
et al.l”l and contrary to earlier reports.[*>! The 14-mem-
bered macrocyclic ring in the structure of the free ligand 4
is not coplanar. Due to the coordination of Cu and Ni by
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the nitrogen atoms of the ring, the structures of the com-
plexes formed (4Cu, 4Ni, 5Ni, 6Ni and 10Ni) are more
planar than those of the free ligands. The RMS deviation
of the fitted atoms to the least-square plane L' varies from
0.04 to 0.09 A for the 14-membered complexes, whereas for
the free ligands it is equal to 0.23 A. Some smaller values
of the angles between the previously defined plane and the
plane fitted to the atoms of the ethylene bridges L? for Ni
and Cu complexes indicate the more planar nature of the
complexes (see Table 1 and Figure 2).

Table 1. Values of the RMS deviation [A] of all the fitted atoms
and angles [°] between the least-squares planes L' and L. L! is
defined by the following sequence of atoms: M1, N1, N2, C2, C3,
C4, N1#1, N2#1, C2#1, C3#1, C4#1, where M is a metal ion, and
L? is based on the ethylene or propylene (SNi and 6Ni) groups: C1,
C5, C1#1, C5#1 or C1A CS5A, CIB, C5B and C6B for 5Ni.l4

Least-

squares 4 4Cu 4Ni 10Ni 5Ni 6Ni
plane

L! 0.2291 0.0400  0.0696  0.0910  0.1413  0.2189
L'-L?angle 36.4(1) 22.4(2) 269(1) 26.6(1) 41.4(3) 46.65(4)

[a] Symmetry transformations used to generate equivalent atoms:
H#l1-x,1-p1-z

(a)

Figure 2. The structure of 4 (a) and 4Cu (b).

The Ni-N and Cu-N distances vary within the ranges
1.836-1.890 and 1.912-1.922 A and are typical for Ni and
Cu complexes (see Table 2). The Ni—N distance increases
with increasing size of the main macrocyclic ring (4Ni, SNi,
6Ni).

The compounds 4[HCI], and 6|[HPFg], have totally dif-
ferent structures. As a result of demetallation of the corre-
sponding complexes, both imine nitrogen atoms in these
compounds are protonated to form ammonium groups.
Due to some steric hindrance coming from the interactions
between the closely located hydrogen atoms, a change of the
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Table 2. Selected bond lengths and distances [A]. L!: least-squares plane defined by the following sequence of atoms: M1, N1, N2, C2,
C3, C4, N1#1, N2#1, C2#1, C3#1, C4#1, where M is a metal ion; X;: centroid of the N1, N2, N1#1 and N2#1 atoms.

Parameter™  4Ni 4Cu 4 10Ni 5Ni 6Ni 4[HCI], 6[HPF],
MI1-+MI1#2 6.3188(5) 6.322(1) 4.7792(4) 6.714(1) 7.6007(5)

Li-MI1#2 3.303(1) 3.333(3) 3.617(2) 3.287(5) 3.062(2)

LleX, #2 4.269

MI-N1 1.856(1) 1.912(2) 1.882(1) 1.871(4) 1.892(1)

M1-N2 1.851(1) 1.922(2) 1.836(1) 1.865(3) 1.890(1)

01-C6 1.216(2) 1.2133) 1.220(3) 1.228(2)

01-C7 1.244(2) 1.199(5) 1.221(2)

01-C8 1.207(5)
02-C6 1.363(2) 1.360(3) 1.362(3) 1.346(2)

02-C7 1.439(2) 1.446(3) 1.443(3) 1.357(5) 1.365(2) 1.460(2)

02-C8 1.443(5) 1.444(2) 1.339(4)
NI-CI 1.474(2) 1.473(4) 1.450(3) 1.482(2) 1.481(2) 1.469(2)

NI-CIA 1.449(9)

NI1-CIB#I 1.556(9)

NI1-C2 1.306(2) 1.308(3) 1.316(3) 1.316(2) 1.304(6) 1.310(2) 1.317(2) 1.476(5)
NI1-C3 1.302(5)
N2-C4 1.307(2) 1.300(3) 1.288(3) 1.303(2) 1.295(5) 1.309(2) 1.310(2)

N2-C5 1.473(2) 1.480(3) 1.463(3) 1.464(2) 1.473(2) 1.475(2) 1.295(5)
N2-C5A#1 1.47(1)

N2-C5B 1.54(1)

C1-C5#1 1.518(2) 1.506(5) 1.527(3) 1.5112) 1.540(2)

CIA-C5A 1.50(2)

Cl-C6#1 1.533(2)

CIB-C6B 1.54(1)

C5-C6 1.521(2)

C5B-C6B 1.55(1)

C2-C3 1.408(2) 1.417(4) 1.395(3) 1.448(2) 1.410(6) 1.415(2) 1.412(2)

C2-C6 1.512(2)

C3-C4 1.413(2) 1.412(4) 1.442(3) 1.411(2) 1.404(6) 1.406(2) 1.420(2) 1.411(5)
C3-C6 1.456(2) 1.465(4) 1.451(3) 1.471(2)

C3-C7 1.453(2) 1.461(6) 1.453(2)

[a] Symmetry transformations: #1: 1 —x, 1 —y, 1 —z; #2: 1 + x, y, z (4Ni, 5Ni, 6Ni, 10Ni); x, 1 + y, z (4Cu). [b] Additionally for 6]HPFg],:
02-C9 1.442(5), O3-C16 1.212(5), O4-C16 1.332(4), O4-C17 1.459(4), N2-C6 1.464(5), N3-C11 1.468(5), N3-CI12 1.312(5), N4-C14
1.300(5), N4-C15 1.482(5), C1-C2 1.517(5), C4-C5 1.405(5), C4-C8 1.467(5), C6-C7 1.516(5), C10-C11 1.509(6), C10-C15#3 1.511(6),
C12-C13 1.389(5), C13-C14 1.395(5), C13-C16 1.480(5) A (#3: 1/2 — x, 1/2 — y, 112 - 2).

Table 3. Geometry of the hydrogen bonds [A and °] in the compounds studied.

D H-A Symmetry d(D-H) d(H-A) d(DA) <(DHA)
4

N1-HIN--N2 X, 0z 0.88(3) 1.93(3) 2.656(3) 138(2)
10Ni

OIW-HIW1--0l X, 0z 0.77(2) 2.06(2) 2.826(2) 172(2)
O1W-H2W1--O1W e 0.69(4) 2.13(4) 2.815(3) 172(5)
O1W-H3W1--O1W 1%,y = 0.76(4) 2.07(4) 2.810(3) 163(4)
4[HCI],

NI-HIN--Ol X0z 0.82(2) 2.12(2) 2.731(2) 131(1)
N2-H2N--02 X0z 0.89(2) 2.14(2) 2.719(2) 122(1)
N2-H2N--O1W X0z 0.89(2) 2.04(2) 2.823(2) 147(1)
OIW-HIW--Cll 1+x, 0,z 0.82(2) 2.36(2) 3.177(2) 176(2)
O1W-H2W--ClI 1-x%2-ypl-z 0.87(3) 2.30(3) 3.168(2) 177(2)
6[HPF],

NI-HIN--Ol X, 0z 0.96(4) 1.99(4) 2.678(4) 127(3)
N2-H2N--02 X0z 0.68(4) 2.31(4) 2.738(5) 123(4)
N3-H3N-03 X0z 0.88(4) 2.14(4) 2.751(4) 127(3)
N4 H4N--04 X0z 0.80(5) 2.25(5) 2.781(4) 125(4)
NI-HIN-F11 X0z 0.96(4) 2.49(4) 3.088(5) 120(3)
N2-H2N--F15A 1y z 0.68(4) 2.50(4) 3.140(7) 158(4)
N3-H3N-F8 X, 0z 0.88(4) 2.48(4) 3.042(4) 122(3)
N4-H4N-F6 ¥, x, z 0.80(5) 2.32(5) 3.013(4) 145(4)
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conformation of the whole moiety takes place. The CHNH
groups are rotated about the C-N bond, thus the N-H
bonds are oriented outside of the ring whereas the C—H
bonds are directed inside. Therefore, the distance between
the ethylene bridges is elongated whereas the separation be-
tween the methoxycarbonyl groups decreases. Such a con-
formation is stabilized by numerous intramolecular hydro-
gen bonds formed between the nitrogen and oxygen atoms
from the ester groups (see Table 3 and Figure 3).

In neutral compounds, hydrogen bonds are formed be-
tween the macrocycles and some solvent molecules (10Ni)
or between the nitrogen atoms in the main macrocyclic ring
4).

The crystal packing of the compounds is shown in Fig-
ure 4. The molecules of the neutral compounds create par-

(a)

gsee

()

(e}

allel and slightly shifted stacks in the crystal lattice. The
distances between the neighbouring macrocyclic rings in the
crystal lattice vary from 3.062 to 3.617 A and are given in
Table 2.

In the structures of 4Ni and 5Ni, disordered solvent (tol-
uene) molecules are located at special positions and form
layers of molecules sandwiched between layers of the
macrocyclic moieties. The toluene molecules are oriented so
as to maximize the C—H-7 interaction between the elec-
tron-rich benzene rings and the hydrogen atoms from the
ethylene bridges. These compounds crystallise in the PI
space group, whereas the protonated compounds crystallise
in different space groups. The voids between neighbouring
molecules in the structures are filled with counterions in the
case of protonated ligand salts or solvent molecules.

2.48 214 @ N

", F \._\\
i o ® o4 b L :1
@ F

Figure 3. Hydrogen bonds formed by molecules of 4 (a), 10Ni (b), 4{HCI], (c) and the first (d) and second (e) molecules of 6|HPF],.
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Figure 4. Selected perspective views of the crystal packing in 4 (a), 4Cu (b), 4Ni (c), 5Ni (d), 6Ni (e), 10Ni (), 4[HCI], (g) and 6|HPF¢],
(h).
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Voltammetry

The linear-scan, differential and normal-pulse voltam-
mograms recorded for 4Cu, 5Cu and 6Cu indicate a striking
difference in the formal potentials with no major deviations
from reversibility (see Figure 5). Upon increasing the
macrocycle size, the donor abilities of the Cu'® complex be-
come weaker — the mid-potential (E, + E,)/2 is shifted
towards more positive potentials by as much as 330 mV.
The peak current is also smaller, although the complex is
soluble in the supporting electrolyte solution. This shift is
not seen for the corresponding Ni'l complexes (Figure 6)
and reveals that the smaller ring in 4Cu has a more planar
coordination environment of the copper centre, which al-
lows reversible oxidation to the Cu™ complex. We have

(a)
-5.0x10°
I1A
0.0
5.0x10° A
T T T
1.0 0.5 0.0
— EIV
(b)
e A 01V
I1A 0.04 ---5Cu
5.0x10°

1.0 05 0.0
— E/V

Figure 5. Cyclic voltammograms (a) and differential pulse voltam-
mograms (b) for 0.5 mm 4Cu, 5Cu and 6Cu complexes recorded
using a GCE in 0.1 M tetrabutylammonium hexafluorophosphate
(TBAHFP)/acetonitrile (AN) solution.
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noted a similar dependence on the macrocycle size for other
tetraazamacrocyclic complexes of copper.’! In these com-
pounds a decrease of the Cu' reduction current was ob-
served together with a shift to more positive potentials. This
indicates that the electron-transfer reaction is followed by a
chemical reaction.

(@)

-4.0x10° 1
1A

0.04

4.0x10°

8.0x10°

1.0 05 0.0
— E/V

(b)

1/ A 0.04

5.0x10°4

1.0x10° -

— E/V

Figure 6. Cyclic voltammograms (a) and differential pulse voltam-
mograms (b) for 0.5 mm 4Ni, 5Ni and 6Ni recorded using a GCE
in 0.1 Mm TBAHFP/AN solution.

In the compounds presented in this contribution, the
electrode processes of all copper complexes clearly remain
close to reversible and no chemical reactions are involved.
The changes in the redox potential with increasing macro-
cycle size can be explained by assuming increased non-plan-
arity of the complex. The structures of the larger systems!’-®!
show deviations from planarity. On the other hand, in the
case of SNi a diminished cathodic peak reveals an instability
of Ni'" and involvement of further chemical reactions. The
redox properties and diffusion coefficient values, based on
the voltammetry peaks or limiting currents, are collected in
Table 4.
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Table 4. Redox properties and diffusion coefficients of the Cu'! and
Ni'l complexes studied.

cv DPV NPV D
E,, [V] E,. [V] E[V] E,[V] Ep[V] 107 [cm?s™]

aNi 0817 0.749 0783 0768 0783  1.I5
SNi  0.852 0.759 0.806  0.804 0819  1.72
6Ni 0811 0.738 0775 0755 0769  1.02
4Cu  0.605 0.527 0.566  0.552  0.565  0.70
5Cu  0.862 0.788 0.825 0809 0.827  0.95
6Cu  0.940 0.862 0901 0.887 0989  1.12

Host—Guest Interactions

The bis-macrocyclic receptors shown in Scheme 3%
have been shown to form host-guest complexes with n-elec-
tron-rich aromatic guests.'!] Their structures are based on
donor—acceptor interactions between the m-electron-rich
aromatic rings and m-electron-deficient cyclidene units. The
same type of interactions should result in the affinity of
such receptors towards the planar, neutral complexes 4Cu
and 4Ni.

N N
[ e
[ I
N N N, N
/ /
() (O
7/ \ 7/ \
N N N N
[ |
oy, I oo
N/ 471 \N
H H
n=35 M=Ni 7NiNi
n—7,M—Ni 8NiNi
n=7,M=Cu 8CuCu
7n=9,M=Ni 9NiNi
n=9.M=Cu 9CuCu

Scheme 3. Structures of the host complexes.

The changes of the cyclic voltammogram for 4Cu alone,
and after mixing with bis-macrocyclic receptor 8NiNi, are
shown in Figure 7. The midpoint potential E°" = (£, +
E, )12 is shifted by 20 mV towards less positive potentials
upon mixing with the excess of bis-macrocycle, thereby in-
dicating the stronger donor properties of the complex.
These stronger donor properties may be interpreted as an
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indication of the associative properties of the bis-macro-
cyclic complex towards the 4Cu moiety. Thus, 8NiNi may
be acting as a receptor molecule towards the guest planar
4Cu complex. These unique complexing properties were
probed by electrospray mass spectrometry (ESI-MS).

-2.0x10° — o
N - = =4 Cu + 8 NiNi
A 0.0
2.0x10° 4
T T
1.0 05 0.0
— IV

Figure 7. Cyclic voltammograms for 1X10*m 4Cu and its 1:10
mixture with 8NiNi after 5d. Scan rate: 0.1 Vs!. GCE in 0.1 M
TBAHFP/AN solution.

Despite the fact that ESI-MS might not reflect the solu-
tion binding affinities accurately, it provides important in-
formation on host-guest complexes and the nature of their
interactions.'? The ESI mass spectra of an equimolar mix-
ture (1073 M) of neutral complexes 4Cu or 4Ni and bis-
macrocyclic receptors 8NiNi or 8CuCu in dichloromethane/
acetonitrile (1:3) solution confirmed the formation of the
host-guest complexes. New peaks at m/z 437.2, 438.9,
440.5, 442.2 corresponding to the formation of the 1:1
adducts 8NiNi+4Ni, 8NiNi+4Cu, 8CuCu+4Ni and
8CuCu+4Cu, respectively, with a +4 charge, were observed
in the spectra of their mixtures. In order to compare the
affinities of bis-macrocyclic receptors towards neutral
guests, the ESI mass spectra of equimolar mixtures of
7NiNi, 8NiNi and 9NiNi with 4Cu were measured (Fig-
ure 8, a). The spectra show that the cavity size in 7NilNi,
which contains (CH,)s linkers, is too small to accommodate
the guest molecules and no common peaks were recorded.
On the other hand, the cavity size in 9NiNi, which contains
(CH,)o linkers, is too large to enable simultaneous and
equally strong interactions of guest molecules with both
sides of the receptor cation, therefore the intensity of the
common peak (m/z 457.5) is very low in comparison with
the peak of the 8NiNi+4Cu associate (m/z 438.9). A com-
parison of the dinickel (8NiNi) and dicopper (8CuCu) re-
ceptors (Figure 8, b) shows their similar affinities towards
the 4Cu guest. On the other hand, the neutral 4Cu complex
forms a more stable associate with 8NiNi than its nickel(IT)
analogue 4Ni (see Figure §, c).

Eur. J. Inorg. Chem. 2007, 172-185



Tetraazamacrocyclic Complexes of Copper(II) and Nickel(II)

FULL PAPER

a)
100 334.5
(8NiNi -+ 4Cu)
80 438.9
S 60 (9NiNi + 4Cu)
2 9140 4575
£ 40 “ 3158
E 296.5
20 518.2
I 573.2
0 l \ A 1 l
160 288 416 544 672 300
Mass m/z
b)
319.2
1001 9030
%0 (8NiNj + 4Cu) (8CuCu +4Cu)
4422
- 200.2 438.9
260 ' ’
> 315.8
540
|
20
266.5269.8 37041 5457 i 551.2
] N
960 288 416 544 672 300
Mass m/z
¢)
100 200.2
266.5
80 (8NiNi + 4Cu)
— 438.9
£
= 60
G 370.1 (8NiNi +4Ni)
z .
240 315.8 437.2
20
0 L "
160 288 416 544 672 800

Mass m/z

Figure 8. ESI mass spectra of equimolar mixtures of 7NiNi, 8NiNi and 9NiNi with 4Cu (a), 8NiNi and 8CuCu with 4Cu (b) and (c) 4Ni

and 4Cu with 8NiNi.

Conclusions

In this work we have presented the synthesis and struc-
tural properties of ligands and their neutral 14-, 15- and 16-
membered complexes with Cu'' and Ni''. It appears that
molecules of the free 14-membered ligands have a non-
planar, step-like structure of the ethylene bridges. Signifi-
cant changes in the geometry of the central macrocyclic
fragments are observed on protonation as the protons no
longer occupy the central positions of the ring but point

Eur. J. Inorg. Chem. 2007, 172-185

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

above and below the macrocycle plane. This prevents the
formation of intramolecular N-H-+*N hydrogen bonds. The
insertion of transition metal ions is accompanied by an in-
creased planarity of the structures of the complexes, which
has consequences for the electrochemical reversibility and
redox potentials of the complexes. The deviations from
planarity increase with increasing macrocycle size and, as a
consequence, the redox potential is shifted towards more
positive values. In the case of the Ni'! complexes, a contri-
bution of chemical reactions is detected by the decrease of
the reduction peak.
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The formation of host—guest complexes with bis-macro-
cyclic cations can be achieved by appropriate tuning of the
properties of the macrocyclic complexes, as demonstrated
for planar, neutral macrocyclic guests associating with the
bis-macrocyclic 8NiNi (or 8CuCu) cation receptors. This
type of interaction, which leads to a new transition-ion
complex structure, is of special interest in the design of new
rotaxane-like systems for mechano-molecular devices, and
work in this direction is currently underway in our laborato-
ries.

Experimental Section

Synthesis:  6,13-Bis(methoxycarbonyl)-1,4,8,11-tetraazacyclotetra-
deca-4,6,11,13-tetraene (4),13 ligands 2 and 3 as well as their nickel-
(IT) [(2Ni),*Ni(CH3COO0),-2CH;0H and 3Ni] and copper(Il) com-
plexes (2Cu and 3Cu)®! were obtained according to procedures de-
scribed elsewhere. Crystals of the neutral nickel(II) complex
10Nil*5] were obtained by slow evaporation of its solution in a 1:1
dichloromethane/methanol mixture.

Spectroscopic Measurements: The NMR spectra were obtained
with Varian Mercury 400 and Varian Gemini 2000BB spectrome-
ters. Signals are reported in ppm relative to the residual solvent
signal. IR spectra (paraffin oil mulls) were recorded with a Perkin—
Elmer Spectrum 2000 FT-IR spectrometer. UV/Vis absorption
spectra were recorded with a Shimadzu UV-3100 spectrometer. ESI
mass spectra were measured with a Mariner Perseptive Biosystem
mass spectrometer.

Voltametry: Linear-scan, differential-pulse and normal-pulse vol-
tammetry experiments were performed with an Autolab potentios-
tat (ECO Chemie, Netherlands) in a three-electrode arrangement
with silver/silver chloride (Ag/AgCl) as the reference electrode,
platinum foil as the counter electrode and a glassy carbon electrode
(GCE, BAS, 3 mm diameter) as the working electrode. The refer-
ence electrode was separated from the working solution by an elec-
trolytic bridge filled with 0.1 m TBAHFP/AN solution. The refer-
ence electrode potential was calibrated by using ferrocene oxidation
process in the same TBAHFP/AN solution. AN containing 0.1 M
TBAHFP was used as the supporting electrolyte solution. Argon
was used to deaerate the solution and an argon blanket was main-
tained over the solution during the experiments.

6,13-Bis(methoxycarbonyl)-1,4,8,11-tetraazacyclotetradeca-
4,6,11,13-tetraenato(2-)-k*N"*8nickel(II) (4Ni). (a) From Ligand
4: Macrocyclic ligand 4 (0.62 g, 0.002 mol) and nickel acetate tetra-
hydrate (0.55 g, 0.0022 mol) were refluxed in methanol (200 mL)
for 1 h. The reaction mixture was cooled down and left in a refrig-
erator for crystallisation. The resulting orange precipitate was fil-
tered off and recrystallised from a dichloromethane/methanol mix-
ture (1:5, 300 mL). Yield: 0.64 g (88%).

(b) From Complex 3Ni: Complex 3Ni (0.341 g, 0.001 mol) was dis-
solved in ethylenediamine (2.5 mL). The mixture was refluxed for
1 h, cooled and diluted with 25 mL of water. The resulting orange
precipitate was filtered off and purified by chromatography on neu-
tral alumina (Merck) with chloroform/methanol (99:1) as eluent.
The eluate was evaporated to dryness and the residue recrystallised
from dichloromethane/methanol (1:5). Yield: 0.275 g (77%); m.p.
284 °C. Slow evaporation of a solution of 4Ni in dichloromethane/
toluene (1:1) gave crystals suitable for X-ray data collection.
C14H50NyNiO, (365.0): caled. C 46.1, H 5.0, N 15.3; found C 46.2,
H 5.1, N 15.3. ESI MS: m/z 365.3 [C;4H,N,O4Ni + H]", 387.3

182 www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[C14HN4O4Ni + Na]*. '"H NMR (400 MHz, CDCl5): § = 7.81 (s,
4 H, =CH-N), 3.73 (s, 6 H, CH3), 3.38 (s, 8 H, N-CH,) ppm. '*C
NMR (100 MHz, CDCl;): 6 = 154.9 (=CH-N), 168.2 (O-C=0),
98,2 (-C=), 51.2 (CH3), 58.7 (N-CH,) ppm. UV/Vis (methanol):
Jmax (€) = 201 nm (25020 m—tem ™), 229 (30220), 316 (40640), 374
(5310), 497 (275). IR (nujol): ¥ = 1677 vs. (C=0), 1598 vs. (C=N),
1539 m (C=C) cm™.

6,13-Bis(methoxycarbonyl)-1,4,8,11-tetraazacyclotetradeca-
4,6,11,13-tetraenato(2—)-k*N1#8copper(Il) (4Cu): This complex
was obtained following the same procedures: (a) from ligand 4 with
copper(Il) acetate instead of nickel(II) acetate. Yield: 77 %; (b) con-
densation of 3Cu with ethylenediamine. Yield: 51%, m.p. 295 °C.
C14H0CuN,O4 (369.9): caled. C 45.5, H 4.9, N 15.2; found C 45.4,
H 5.1, N 15.0. ESI MS: m/z 370.2 [C4H,0N,0,Cu + HJ]*, 392.2
[C14HN4O4Cu + Na]*. UV/Vis (methanol): Ay, (¢) = 205 nm
(24540 mtem™), 238 (11730), 286 (64380), 318 (20670), 550 (140).
IR (nujol): ¥ = 1678 vs. (C=0), 1596 vs. (C=N), 1547 m (C=C)
cm !

6,14-Bis(methoxycarbonyl)-1,4,8,12-tetraazacyclopentadeca-
4,6,12,14-tetraenato(2-)-k*N*812njckel(IT) (5SNi): Complex 3Ni
(0.341 g, 0.001 mol) was dissolved in 1,3-propylenediamine
(2.5 mL). The mixture was refluxed for 2 h, cooled and diluted with
25 mL of water. The resulting red precipitate was filtered off and
purified by chromatography on neutral alumina (Merck) with chlo-
roform methanol (99:1) as eluent. The eluate was evaporated to
dryness and the residue recrystallised from dichloromethane/meth-
anol (1:5). Yield: 0.370 g (91%); m.p. 231 °C. Crystals of 5Ni used
for X-ray data collection were obtained by slow evaporation of a
dichloromethane/toluene solution. C;sH»oN4NiOy4 (379.1): caled. C
47.5, H 5.3, N 14.8; found C 47.6, H 5.4, N 14.4. ESI MS: m/z
379.3 [CsH0N4O4Ni + HJ*, 401.2 [C;5H,0N4O4Ni + NaJ]*. 'H
NMR (400 MHz, CDCls): 6 = 7.61 (s, 2 H) and 7.60 (s, 2 H, =CH-
N), 3.72 (s, 6 H, CH3), 3.36 (t, J = 6.7 Hz, 4 H, N-CH,), 3.18 (s,
4 H, N-CH,), 1.87 (quint, J = 6.7 Hz, 2 H, CH,) ppm. '3*C NMR
(100 MHz, CDCls): 0 = 154.9 and 157.9 (=CH-N), 168.2 (O-C=0),
97.3 (-C=), 50.7 (CH3), 58.7 and 58.7 (N-CH,), 28.0 (CH,) ppm.
UV/Vis (methanol): Amay (¢) = 238 nm (28995 M 'cm™1), 299
(39510), 370 (5230), 539 (170). IR (nujol): ¥ = 1674 m (C=0), 1604
vs. (C=N), 1539 m (C=C) cm .

6,14-Bis(methoxycarbonyl)-1,4,8,12-tetraazacyclopentadeca-
4,6,12,14-tetraenato(2-)-k*N'>*812¢copper(Il) (5Cu): This complex
was obtained from 3Cu following the same procedure as for 5Ni.
Yield: 33%, m.p. 238 °C. C,sH,,CuN,04:0.5H,0 (392.9): caled. C
459, H 5.4, N 14.3; found C 45.7, H 5.1, N 14.4. ESI MS: m/z
384.1 [C;sH0N,04Cu + H]*, 406.1 [C;sH,0N404,Cu + Na]*. UV/
Vis (methanol): Ana (6) = 203 nm (20700 M 'em™), 281 (66080),
314 (21250), 510 (12910), 662 (130). IR (nujol): ¥ = 1682 m (C=0),
1613 vs. (C=N), 1549 m (C=C) cm™.

3,11-Bis(methoxycarbonyl)-1,5,9,13-tetraazacyclohexadeca-1,3,9,11-
tetraenato(2-)-k*N"'-5-%3nickel(II) (6Ni): This complex was ob-
tained from 2Ni and 1,3-propylenediamine following the same pro-
cedure as for 5Ni. Yield: 23 %, m.p. 198 °C. C;4H»»N4NiO4 (393.1):
caled. C 48.9, H 5.6, N 14.3; found C 49.1, H 5.9, N 14.0. ESI MS:
mlz 393.2 [C1¢H2oN4O4Ni + H]*, 415.3 [C;cH,oN4O4Ni + Nal*.
'"H NMR (400 MHz, CDCls): 6 = 7.36 (s, 4 H, =CH-N), 3.72 (s, 6
H, CH;), 3.36 (t, J = 6.4 Hz, 8§ H, N-CH,), 1.84 (quint, J = 6.4 Hz,
4 H, CH,) ppm. '*C NMR (100 MHz, CDCl;): 6 = 157.3 (=CH-
N), 168.3 (0O-C=0), 98.2 (-C=), 50.6 (CHj3), 54.3 (N-CH,),
27.9 (CH,) ppm. UV/Vis (methanol): A,.x (¢) = 250 nm
(21660 M 'em™!), 295 (33430), 343 (4820), 493 (140). IR (nujol): ¥
= 1665 m (C=0), 1605 vs. (C=N), 1532 vs. (C=C) cm!.
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3,11-Bis(methoxycarbonyl)-1,5,9,13-tetraazacyclohexadeca-1,3,9,11-
tetraenato(2-)-k*N15%13copper(Il) (6Cu): This complex was ob-
tained from 2Cu and 1,3-propylenediamine following the same pro-
cedure as for SNi. Yield: 13 %, m.p. 227 °C. C;sH,,CuN,O, (397.9):
calcd. C48.3, H 5.6, N 14.1; found C 48.1, H 5.4, N 14.1. ESI MS:
mlz 398.1 [CsH»,N,40,Cu + H]*, 420.1 [C;4H,,N,04Cu + Naj*.
UV/Vis (methanol): Amax (¢) = 201 nm (21620 m'cm™1), 277
(64355), 318 (16245), 531 (240), 754 (220). IR (nujol): v = 1677 m
(C=0), 1610 vs. (C=N), 1536 m (C=C) cm™.

6,14-Bis(methoxycarbonyl)-1,4,8,12-tetraazacyclopentadeca-
4,6,12,14-tetraene Di(hydrogen hexafluorophosphate) {S|HPF],}:
Complex 5Cu (0.767 g. 0.002 mol) was stirred in an aqueous solu-
tion of methanesulfonic acid (9 mL, 0.02 mol) at room temperature.
After 24 h, when all starting complex had dissolved, an excess of
solid NH4PFq (1 g) was added and the colourless solid that precipi-
tated filtered off, washed with water and dried under reduced pres-
sure. Yield: 0.687 g (56%), m.p. 245 °C. C;5H4N404:2(PF¢)-H,O
(632.3): caled. C 28.5, H 4.1, N 8.9; found C 28.4, H 4.5, N 8.8.
ESI MS: m/z 162.1 [C,sH4N,O4]%F, 323.2 [CsH4N,O, — H]*. 'H
NMR (400 MHz, CD3CN): ¢ = 9.54 (br. m, 2 H, N-H), 9.41 (br.
m, 2 H, N-H), 743 (d, / = 154 Hz, 2 H, =CH-N), 7.21 (d, J =
15.7Hz, 2 H, =CH-N), 3.92 (s, 6 H, CH3), 3.40 (br. m, 4 H, N-
CH.,), 3.97 (br. s, 4 H, N-CH,), 2.20 (quint, 2 H, CH,) ppm. 13C
NMR (100 MHz, CD;CN): 6 = 167.0 and 167.8 (=CH-N), 166.3
(0-C=0), 96.7 (-C=), 53.1 CH3, 50.1 and 51.4 (N-CH,), 24.9 (CH,)
ppm. UV/Vis (methanol): A,y (¢) = 235 nm (27190 M 'cm™'), 303
(26345). IR (nujol): ¥ = 3345 vs. and 3255 (O-H and N-H), 1715 m
(C=0), 1664 w and 1625 vs. (C=N and C=C), 845 vs. and 560 m
(PF¢) cm'.

3,11-Bis(methoxycarbonyl)-1,5,9,13-tetraazacyclopentadeca-
1,3,9,11-tetraene Di(hydrogen hexafluorophosphate) {6|HPF]|,}:
This complex was obtained from 6Ni following the same procedure.
Yield: 56%, m.p. 261 °C. C;sHsN4O4-2(PF¢)-H,O (646.4): caled.
C29.7,H4.4, N 8.7; found C 30.5, H 4.6, N 8.7. ESI MS: m/z 169.1
[C16H2N4O4?F, 337.2 [C1sH24N4O4 — H]™. 'H NMR (400 MHz,
CD;CN): 6 = 9.66 (br. m, 4 H, N-H), 7.85 (d, J = 15.0 Hz, 4 H,
=CH-N), 4.00 (s, 6 H, CH3), 3.70 (br. m, 8 H, N-CH,), 2.17 (quint,
4 H, CH,) ppm. '*C NMR (100 MHz, CD;CN): = 176.4 (=CH-
N), 165.9 (O-C=0), 101.4 (-C=), 52.3 (CH;), 48.3 (N-CH,), 30.1
(CH,) ppm. UV/Vis [methanol/acetonitrile (9:1)]: Ayax (6) =252 nm
(10630 M 'em™), 289 (17360). IR (nujol): ¥ = 3326 vs. and 3240
(O-H and N-H), 1703 m (C=0), 1672 w and 1637 vs. (C=N and
C=C), 851 vs. and 558 m (PF¢) cm .

(3,13,17,20,24,34,38,41,44,47,50,53-Dodecaazatricyclo[34.6.6.6'>22]-
tetrapentaconta-1,14,16,20,22,35,37,41,43,47,49,53-dodecaene-k3N)-
dinickel(IT) Hexafluorophosphate (9NiNi): 6,13-Bis(methoxymethyl-
idene)-1,4,8,11-tetraazacyclotetradeca-4,7,11,14-tetraenato(2-)-
nickel(IT) dihexafluorophosphatel (0.625 g, 1 mmol) and 1,9-non-
anediamine (0.158 mL, 1 mmol) were separately dissolved in 25 mL
of dry acetonitrile and added dropwise to 100 mL of acetonitrile
with a peristaltic pump at a rate of 15 mLh'. The mixture was
then left for 3 h at room temperature and partly evaporated. The
remaining 20 mL of solution was diluted with 20 mL of water and
applied to a silica gel column (Merck 60 silanized, 25X 2.5 cm).
The column was washed with CH;CN/H,O (5:4) and eluted with
CH;CN/H,0 (3:2) with addition of NH,4PFg (3 g per 100 mL). The
first major band was collected and slowly evaporated to give yellow
crystals. Yield: 0.277 g (19.2%). C4oHgsF24N {5, NiyP, (1438.3):
caled. C 35.1, H 4.8, N 11.7; found C 34.6, H 4.5, N 11.5. IR
(nujol): v = 1615 v s, 834 v's, 557s cm™'. MS (ESI, CH5CN): m/z
214.1 [C4,HgsN[,Niy]**, 285.2 [C4oH7N |, Ni5]3 %, 334.5
[(C42HggN |5 Niy)** + PF¢ ], 427.2 [C42HeeN 2 Nis )%+, 573.2
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[(C4HesNNio)* + 2PF¢]. TH NMR (CD;CN, 400 MHz): & =
1.31 (br. s, 20 H, y-, 8- and &-CH,), 1.62 (br. s, 8§ H, B-CH,), 3.46—
3.57 (m, 24 H, 0-CH, and ring CH,CH,), 7.65 (s, 4 H, =CH-N),
7.50, 7.97 (br. s, 2 X4 H, N=C-H), 8.06 (br. s, 4 H, N-H) ppm. 13C
NMR (CD;CN, 100 MHz): 6 = 26.5, 29.5, 29.9, 30.1 (B-, y-, 6- and
¢-CHa), 51.7 (4-CH,), 59.5, 60.2 (br., ring CH,CH,), 104.1 (ring
=C), 155.1 (br.) and 160.7 (br., HC=N, 164.0 (=CH-N) ppm.

(3,13,17,20,24,34,38,41,44,47,50,53-Dodecaazatricyclo[34.6.6.6' 22|
tetrapentaconta-1,14,16,20,22,35,37,41,43,47,49,53-dodecaene-k3N)-
dicopper(II) Hexafluorophosphate (9CuCu): 6,13-Bis(methoxyme-
thylidene)-1,4,8,11-tetraazacyclotetradeca-4,7,11,14-tetraenato(2-)-
copper(Il) dihexafluorophosphate!!! (0.364 g, 0.58 mmol) and 1,9-
nonanediamine (0.092 mg, 0.58 mmol) were dissolved in 50 mL of
dry acetonitrile. After six hours of continuous stirring the mixture
was evaporated and dissolved in 20 mL of CH;CN/H,O (5:4). The
mixture was applied to a silica gel 60 silanized column (20 X 2 cm,
Merck), washed with CH;CN/H,O (5:4) and eluted with CH;CN/
H,O0 (6:4) with addition of NH4PFg (3 g per 100 mL). Red crystals
were obtained upon slow evaporation of the solvent. Yield: 0.115 g
(13.7%). C4oHegCusFoy N ,P4 (1448.0): caled. C 34.8, H4.7, N
11.6; found C 34.6, H 4.6, N 11.4. IR (nujol): ¥ = 1617 vs, 840 vs,
557 s cm™'. MS (ESI, CH3;CN): m/z 217.1 [C4,HgsN ,Cus]*, 289.2
[C42Hg7N [,Cus]3*, 337.8 [(C4o2HggN5Cuy)** + PF¢ ], 433.2
[CaoHesN12Cus )™, 579.2 [(CyoHesN ,Cur)** + 2PF .

Single Crystal X-ray Diffraction: Single crystal X-ray measurements
of 10Ni, 4Cu, 4Ni, 5Ni, 6Ni, 4, 4HCI], and 6|[HPF¢], were per-
formed on a Kuma KM4CCD «x-axis diffractometer with graphite-
monochromated Mo-K,, radiation at 100 K (4Ni, SNi, 6Ni, 4/HCl],,
6|[HPFg,) or at 120 K (10Ni, 4Cu, 4). The single crystal was posi-
tioned at a distance of 65 mm from the KM4CCD camera. A total
of 1150 (6Ni), 1204 (10Ni, 4Cu, 4Ni, 5Ni, 4, 4[HCl],) and 1332
(6[HPF],) frames were measured at 1.0° (10Ni, 4Cu, 4Ni, SNi, 6Ni,
4, 4[HCI],) and at 0.9° (6[HPF¢],) intervals with a counting time
of 15s (4Cu, 4), 20 s (6]HPF],), 22 s (5Ni), 25 s (10Ni, 4Ni), and
30's (6Ni and 4[HCI],). The data were corrected for Lorentz and
polarisation effects, and a numerical absorption correction was ap-
plied for 4Cu and 6Ni). Data collection, cell refinement and data
reduction were carried out with the Kuma Diffraction programs:
CrysAlis CCD and CrysAlis RED.[!3!

The structures were solved by direct methods!'¥ and refined using
SHELXL.[" The refinements were based on F? for all reflections
except those with very negative F? values. Weighted R factors (wR)
and all goodness-of-fit (c) values are based on F2. Conventional R
factors are based on F with F set to zero for negative F?. The F,?
> 26(F,?) criterion was used only for calculating R factors and is
not relevant to the choice of reflections for the refinement. The R
factors based on F? are about twice as large as those based on F.
Most of the hydrogen atoms were located from a differential map
and refined isotropically. All remaining hydrogen atoms were lo-
cated in idealised averaged geometrical positions and allowed to
ride on the heavy atoms. The disorder of the toluene molecules
located at special positions was resolved (4Ni and 5Ni). Some of
the atoms of the counterions were refined isotropically (6|HPF],).
Scattering factors were taken from Tables 6.1.1.4 and 4.2.4.2 in
ref.[16]

10Ni: C,¢HyNyNiO,, fiv = 397.12; T = 120 K; 2 = 0.71073 A; tri-
clinic; space group, PI; unit cell dimensions: a = 4.7792(4), b =
9.6841(8), ¢ = 10.475(1) A, a = 64.510(9)°, § = 81.876(8)°, y =
84.052(7)%; V = 432.74(7) A3; Z = 1; Doy = 1.524 Mgm3; absorp-
tion coefficient: 1.150 mm™'; F000) = 210; crystal size:
0.61 X 0.18 X 0.11 mm?; 0 range for data collection: 3.80-25.00°; in-
dex ranges: -5 =h =5, -11 = k =11, -12 = [ = 12; reflections
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collected: 6458; independent reflections: 1530 (R, = 0.0340); re-
finement method, full-matrix least-squares on F?; data/restraints/
parameters: 1530/0/171; goodness-of-fit on F> = 1.096; final R in-
dices [ > 2o(D)]: R1 = 0.0201, wR2 = 0.0479; R indices (all data):
R1 = 0.0213, wR2 = 0.0485; weight: 1/[c*(F,?) + (0.0258P)> +
0.0779P) where P = [Max(F,2, 0) + 2F.?)/3; largest diffraction peak
and hole: 0.323 and -0.281 e A2,

4Cu: C,4H,sCuN,Oy, fiv = 369.86; T = 120 K; 1 = 0.71073 A; mo-
noclinic; space group, P2,/c; unit cell dimensions: a = 8.220(2), b
= 6.322(1), ¢ = 15.546(3) A, a = 90°, f = 108.41(3)°, y = 90°; V' =
766.5(3) A3, Z = 2; Deyeq = 1.602 Mgm™; absorption coefficient:
1.451 mm™'; F(000) = 382; crystal size: 0.53 < 0.11X0.11 mm?3; 0
range for data collection: 3.51-24.99°; index ranges: -9 = h = 9,
-7=k=7,-18 = [ = 18; reflections collected: 11278; independent
reflections: 1351 (R;,; = 0.0485); absorption correction: numerical;
max. and min. transmission: 0.89822 and 0.58548; refinement
method, full-matrix least-squares on F?; data/restraints/parameters:
1351/0/115; goodness-of-fit on F?> = 1.075; final R indices [I >
26(D)]: R1 = 0.0398, wR2 = 0.1064; R indices (all data): Rl =
0.0454, wR2 = 0.1114; weight: 1/[c*(F,?) + (0.0840P)> + 0.0107P]
where P = [Max(F,2, 0) + 2F.%)/3; largest diffraction peak and hole:
0.923 and —0.528 e A 3.

4Ni: C, HygNyNiOy, fiv = 457.17; T = 100 K; A = 0.71073 A; tri-
clinic; space group, PI; unit cell dimensions: a = 6.3188(5), b =
7.7913(6), ¢ = 11.1511(9) A, a = 107.429(7)°, f = 98.737(7)°, y =
95.131(7)°; V' = 512.38(7) A%, Z = 1; Depieq = 1.482 Mgm 3; absorp-
tion coefficient: 0.983mm™'; F000) = 240; crystal size:
0.79 X 0.32 % 0.21 mm?; 0 range for data collection: 3.86-25.00°; in-
dex ranges: -7 =h =7,-9 =k =9, -13 = [ = 13; reflections
collected: 7602; independent reflections: 1809 (R;,, = 0.0456); re-
finement method, full-matrix least-squares on F?; data/restraints/
parameters: 1809/0/218; goodness-of-fit on F? = 1.116; final R in-
dices [/ > 2o(/)]: R1 = 0.0208, wR2 = 0.0532; R indices (all data):
R1=0.0214, wR2 = 0.0541; extinction coefficient: 0.045(4); weight:
1/[c%(F,?) + (0.0248 P)*> + 0.2216P] where P = [Max(F,2, 0) + 2F.2)/
3; largest diffraction peak and hole: 0.318 and —0.251 ¢ A-3.

5Ni: CoHogNyNiOy, fiv = 471.19; T = 100 K; 4 = 0.71073 A; tri-
clinic; space group, PI; unit cell dimensions: a = 6.714(1), b =
7.550(1), ¢ = 11.307(2) A, a = 102.94(1)°, f = 104.11(1)°, y =
94.03(1)%; V' = 537.02) A3; Z = 1; Deyeq = 1.457 Mgm 3; absorp-
tion coefficient: 0.940 mm'; F(000) = 248; crystal size:
0.51 X 0.39 % 0.26 mm?; 0 range for data collection: 3.76-24.99°; in-
dex ranges: -7 = h =7, -8 = k =8, -13 = [/ = 13; reflections
collected: 7848; independent reflections: 1885 (R, = 0.0867); re-
finement method, full-matrix least-squares on F2; data/restraints/
parameters: 1885/79/208; goodness-of-fit on F> = 1.094; final R in-
dices [/ > 20(1)]: R1 = 0.0650, wR2 = 0.1749; R indices (all data):
R1 = 0.0685, wR2 = 0.1833; weight: 1/[c*(F,?) + (0.1318P)> +
0.3394P] where P = [Max(F,2, 0) + 2F.?]/3; largest diffraction peak
and hole: 0.869 and —0.804 ¢ A 3.

6Ni: C;6H»,N,NiOy, fiv = 393.09; T'= 100 K; 2 = 0.71073 A; mo-
noclinic; space group, P2;/c; unit cell dimensions: a = 7.6007(5), b
= 7.4494(4), ¢ = 15.3716(9) A, a = 90°, f = 107.166(5)°, y = 90°; V'
= 831.58(9) A3 Z = 2; Deyeq = 1.570 Mgm3; absorption coeffi-
cient: 1.197 mm'; F(000) = 412; crystal size:
0.44 % 0.39 X 0.16 mm?; 0 range for data collection: 3.31-24.99°; in-
dex ranges: -9 = h =9, -8 = k =8, -18 =/ = 18; reflections
collected: 11670; independent reflections: 1455 (R;, = 0.0195); Ab-
sorption correction: numerical; max. and min. transmission:
0.82771 and 0.63239; refinement method, full-matrix least-squares
on F?; data/restraints/parameters: 1455/0/160; goodness-of-fit on F?
= 1.072; final R indices [/ > 2o(/)]: R1 = 0.0207, wR2 = 0.0499; R
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indices (all data): R1 = 0.0232, wR2 = 0.0510; extinction coeffi-
cient: 0.01(2); weight: 1/[c*(F,?) + (0.0261P)?> + 0.5008 P] where P
= [Max(F,%, 0) + 2F2?)/3; largest diffraction peak and hole: 0.322
and -0.239 e A2,

4: C14,H,oN,O,, fiv = 308.34; T = 120 K; 2 = 0.71073 A; mono-
clinic; space group, P2,/c; unit cell dimensions: a = 4.2689(9), b =
19.479(4), ¢ = 9.630(2) A, a = 90°, # = 109.89(3)°, y = 90°; V =
753.03) A3; Z = 2; Deaied = 1.360 Mgm3; absorption coefficient:
0.101 mm™'; F(000) = 328; crystal size: 0.70 X 0.12X 0.11 mm?; 0
range for data collection: 3.86-25.00°; index ranges: -5 < h = 5,
23 =k =23,-11 = [ = 11, reflections collected: 11347; indepen-
dent reflections: 1315 (R;, = 0.0807); refinement method, full-ma-
trix least-squares on [?; data/restraints/parameters: 1315/0/140;
goodness-of-fit on F2 = 1.016; final R indices [/ > 2o(])]: Rl =
0.0489, wR2 = 0.1111; R indices (all data): R1 = 0.0776, wR2 =
0.1261; weight: 1/[c*(F,?) + (0.0672P)*] where P = [Max(F,2, 0) +
2F.2)/3; largest diffraction peak and hole: 0.250 and —0.242 e A3,

4[HCI]y: C4HCLN,Og, fiv = 417.29; T = 100 K; 4 = 0.71073 A;
triclinic; space group, PI; unit cell dimensions: a = 7.676(1), b =
8.3605(9), ¢ = 8.545(1) A, a = 83.504(9)°, f = 71.69(1)°, y =
68.56(1)°; V = 484.6(1) A3; Z = 1; Degieq = 1.430 Mgm3; absorp-
tion coefficient: 0.373 mm!; F000) = 220; crystal size =
0.14 X 0.12 X 0.08 mm?; 0 range for data collection: 3.49-24.99°; in-
dex ranges: -9 =h =9,-9 =k =9, -10 = [ = 10; reflections
collected: 7509; independent reflections: 1704 (R;,; = 0.0332); re-
finement method, full-matrix least-squares on F?; data/restraints/
parameters: 1704/0/170; goodness-of-fit on F?: 1.002; final R in-
dices [I > 2o(1)]: R1 = 0.0278, wR2 = 0.0593; R indices (all data):
R1 = 0.0400, wR2 = 0.0627; weight: 1/[c*(F,?) + (0.0337P)] where
P = [Max(F,?, 0) + 2F_?]/3; largest diffraction peak and hole: 0.185
and 0.186 e A2,

6[HPFy],: C ¢HysF,N4,O4P,, fiv = 62835, T = 100K; A =
0.71073 A; tetragonal; space group, J4/m; unit cell dimensions: a =
19.025(3), b = 19.025(3), ¢ = 27.271(6) A, a = 90°, = 90°, y =
90° ¥V = 9871(3) A3, Z = 16; Deyiea = 1.691 Mgm 3; absorption
coefficient:  0.299mm™'; F000) = 5120; crystal size:
0.56 % 0.28 X 0.28 mm?; 0 range for data collection: 3.38-25.00°; in-
dex ranges: 22 = h = 22,-22 = k = 22, -32 = [ = 32; reflections
collected: 72505; independent reflections: 4439 (R;,, = 0.0441); re-
finement method, full-matrix least-squares on F?; data/restraints/
parameters: 4439/133/449; goodness-of-fit on F2 = 1.108; final R
indices [/ > 2a(/)]: R1 = 0.0731, wR2 = 0.2067; R indices (all data):
R1 = 0.0805, wR2 = 0.2158; weight: 1/[c*(F,?) + (0.1317P)*+
34.2860P] where P = [Max(F,%, 0) + 2F.2)/3; largest diffraction
peak and hole: 1.179 and —1.605 e A-3.

CCDC-606234 to -606241 (for 4, 4Cu, 4Ni, 5Ni, 6Ni, 10Ni, 4[HCl],
and 6][HPFg|,, respectively) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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