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The chiral macrocyclic amines R-L and S-L derived from the 3 + 3 condensation of 2,6-diformylpyridine
and (1R,2R)-1,2-diaminocyclohexane or (1S,25)-1,2-diaminocyclohexane form enantiopure trinuclear Ni(i)
and Cu(i) complexes [Niz(L)(H20),Cl5]Cl and [Cus(L)CI4]Cl, and form the dinuclear complex [Zn,(L)Cl,]
(ZnCly) with Zn(i). The X-ray crystal structures of these complexes indicate remarkably different confor-
mations of the ligand and different binding modes of the chloride anions. The structure of the copper(i)
derivative [Cuz(R-L)Cl4]1Cl,-CH3zCN-7.5(H,0) indicates unsymmetrical conformation of the macrocycle
with three dissimilar pentacoordinate copper(i) ions bridged by chloride; the structure of [Niz(R-L)
(H20),Cl5]Cl-0.4CHzCN-4.2H,0 is somewhat more symmetrical, with three Ni(i) ions of distorted octa-
hedral geometry, also bridged by a common chloride anion. On the other hand, the macrocycle is highly
folded in [Zny(R-L)Cl,1(ZnCl,)-CHCI3:0.8CH3OH-3.7H,0, forming a cleft where the third Zn(i) ion is held
via electrostatic interactions as the ZnCl,>~ anion. The magnetic data for [Cus(R-L)CLICL, indicate the
coexistence of antiferromagnetic and ferromagnetic interactions within the quasi isosceles tricopper(i)
core (J = =85.6 cm™, j = 77.1 cm™). Compound [Niz(R-L)(H>0)»ClsICl shows the presence of weak anti-
ferromagnetic coupling (J = —=2.56 cm™, j = —1.54 cm™?) between the three Ni(i) ions.
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Introduction N

Trinuclear and dinuclear complexes, including macrocylic
complexes, are attracting attention due to their magnetic and
catalytic properties and because they are models for multi- o EN on ;5E>\
nuclear metalloenzymes.' ™ For example, many nucleases and LA BN N

esterases utilize two or three metallic centers for cooperative
catalysis, which has inspired the synthesis of multinuclear
transition metal complexes’ that mimic these enzymes.
Research on trinuclear Cu(u) complexes has also aimed at
mimicking the trinuclear metalloenzyme sites present in
copper oxidases' such as ascorbate oxidase, ceruplasmin and
laccase. It should be mentioned that one form of these copper

R-L R-L'

Fig. 1 Macrocycles R-L and R-L".

oxidases corresponds to an antiferromagnetically coupled tri-
nuclear Cu(u) cluster. This form has triggered interest in syn-
thetic trinuclear Cu(u) complexes. In particular, the chiral 3 +
3 macrocycle R-L (Fig. 1) forms an interesting trinuclear Cu(u)
complex, [Cuz(R-L)(p3-OH),]Cl,(ClO,),, which exhibits intra-
molecular ferromagnetic interactions.® In this complex, three
Cu(u) ions of distorted trigonal bipyramidal geometry are
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tElectronic supplementary information (ESI) available: Comparison of macro-
cycle conformation, intermolecular H-bonds for Ni(u) and Cu(un) complexes,
NMR spectra and CD spectra. CCDC 1486259-1486261. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c6dt02504h
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bound in the interior of the macrocycle and are additionally
bridged by two hydroxo anions; thus, a Cus(p;-OH), cluster is
bound by the macrocycle. For comparison, the same ligand
forms mononuclear complexes with lanthanide(m) ions,* while
the Schiff base analogue of the amine macrocycle of L forms
dinuclear complexes with Cd(u) ions.” Trinuclear metal com-
plexes are also formed by a similar chiral macrocyclic 3 + 3
amine, R-L’' (Fig. 1), which has three phenolic fragments
instead of three pyridine fragments. The macrocycle L' (or its
Schiff base analogue) is able to form trinuclear complexes with
Cu(u) ions,® Zn(n) ions,”® and lanthanide(m) ions.’ The co-
operative action of zinc(u) ions in complexes with 3 + 3 macro-
cycles was utilized in catalytic cleavage of DNA’ and the
nitroaldol reaction."

This journal is © The Royal Society of Chemistry 2016
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Inspired by the unusual trinuclear complex [Cuz(R-L)(ps-
OH),|Cl,(Cl0O,),, we have undertaken systematic study of the
complexing properties of L towards transition metal ions.
Here, we present the synthesis, characterization and crystal
structures of trinuclear Ni(u) complex [Niz(R-L)(H,0),Cl5]Cl,
trinuclear Cu(u) complex [Cuz(R-L)CL]Cl, and dinuclear Zn(u)
complex [Zn,(R-L)CL])(ZnCl,), as well as their enantiomers:
[Niz(S-L)(H,0),CL5]Cl,  [Cus(S-L)CLICl, and [Zny(S-L)CL,]
(znCly), respectively. We show the structural flexibility of R-L in
complex formation; in particular, complex [Cuz(R-L)Cl|Cl,
substantially  differs from complex [Cus(R-L)(p;-OH),]
Cl,(ClO,), in its coordination mode and ligand conformation.
We also discuss the behavior of these complexes in solution
and the magnetic properties of [Niz(R-L)(H,0),Cl5]Cl1 and
[Cu;(R-L)CL,]CL,.

Results and discussion
Synthesis and spectroscopic properties

The [Niz(L)(H,0),Cl5]Cl, [Cu3(L)CL4]Cl, and [Zn,(L)Cl,](ZnCl,)
complexes were obtained by refluxing ligand R-L or S-L with
NiCl,-6H,0, CuCl,-2H,0 and ZnCl,, respectively, in methanol
or acetonitrile.

The chiral nature of the synthesized complexes, [Niz(R-L)
(H20),CI5]Cl, [Ni3(S-L)(H20),Cl5]Cl, [Cus(R-L)Cl,|CL,, [Cu;(S-L)
Cl|Cl,, [Zn,(R-L)CL,](ZnCl,) and [Zn,(S-L)CL;](ZnCl,), was con-
firmed by CD measurements. The CD spectra of the respective
enantiomers are mirror images of one another, which reflects
the opposite chirality of both compounds (Fig. 1S-3S7).

The "H NMR spectrum of [Niz(R-L)(H,0),Cl5]Cl consists of
10 very broad, paramagnetically shifted lines (Fig. 4St) and is
in accord with an effective D; symmetry of a high-spin tri-
nuclear Ni(n) complex, which is higher than that observed in
the crystal structure (vide infra). This symmetry may arise,
for example, from the dynamic exchange of axial ligands in
[Niz(R-L)(H,0),CL;]Cl, which effectively averages the coordi-
nation spheres of the octahedral Ni(u) ions on the NMR time
scale. At elevated temperatures, the lines are narrower, better
defined and less shifted, as expected for a paramagnetic complex
(Fig. 5St). Unlike the trinuclear Ni(u) complex of L, the
"H NMR spectrum of trinuclear Cu(i) complex [Cuz(R-L)Cl4]CL,
indicates lower symmetry, in contrast to that observed for the
previously reported trinuclear Cu(u) complex [Cus(R-L)(js-
OH),|C1,(C10,),.> The spectrum consists of 19 paramagneti-
cally shifted lines, which are relatively narrow for Cu(un) com-
plexes as a result of magnetic interactions between the Cu(u)
ions (Fig. 6St). On the other hand, the effective C; symmetry
observed in solution is higher than the C; symmetry observed
in the crystal structure (vide infra). It follows that axial ligand
exchange also operates for complex [Cu;(R-L)Cl,]Cl, or that the
structure of the complex in solution is different from that
observed in the solid. The temperature dependence of the
chemical shifts of this complex (Fig. 7St) is typical for para-
magnetic species and does not exhibit anti-Curie behavior,
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which would be observed in the case of very strong antiferro-
magnetic interactions.

The NMR spectra of the Zn(u) complex [Zn,(R-L)Cl,](ZnCl,)
(Fig. 8St) indicates C; symmetry of the macrocycle in solution,
in accord with the structure observed in the solid state
(although the macrocycle is folded, it has no Cy; symmetry
plane due to the presence of the chiral cyclohexane fragments,
vide infra). Thus, the COSY and HMQC spectra indicate that
the aromatic region of the "H NMR spectrum consists of six
doublets coupled to three triplets (two of which are ideally
overlapped, see ESI Fig. 11St). This indicates the presence of
three different unsymmetrical pyridine rings, in agreement
with the crystal structure. Similarly, the C; symmetry is con-
firmed by the observation of six different methylene frag-
ments, and six different >CHN positions are seen in the COSY,
HMQC and "*C NMR spectra (Fig. 95-14S7).

The titration of ligand L with ZnCl,, monitored with NMR
spectroscopy, indicates initial formation of a presumably
mononuclear species with signals broadened by chemical
exchange, followed by formation of the dinuclear complex and
formation of yet another species (probably trinuclear com-
plexes) in the presence of excess zinc(u) ions (Fig. 15S and
16St). The signals of the dinuclear complex appear when 1.25
equivalents of ZnCl, are used and seem to dominate the spec-
trum even when 3 equivalents are added. The positions of the
lines vary slightly as the concentration of added ZnCl,
increases, probably indicating fast chemical exchange corres-
ponding to ion-pair formation between the cationic dinuclear
macrocyclic complex and chloride anion or [ZnCl,]*~ anion.

X-ray crystal structures

The crystal structures of the [Niz(R-L)(H,0),Cl;s]
Cl-0.4CH;CN-4.2H,0, [Cus(R-L)Cl,]Cl,-CH;CN-7.5(H,0), and
[Zn,(R-L)CL,)(ZnCl,)-CHCl;-0.8CH30H-3.7H,0 complexes indi-
cate the very flexible nature of the ligand L with respect to its
conformation and the binding mode of the macrocycle
(Fig. 17St). In the trinuclear complexes [Niz(R-L)(H,0),Cls]
Cl-0.4CH;CN-4.2H,0, and [Cus(R-L)Cl,] Cl,-CH;CN-7.5(H,0),
the ligand R-L binds each metal ion via the nitrogen atom of
one of the pyridine rings and two nitrogen atoms of the adja-
cent diaminocyclohexane fragment (Fig. 2). In the Ni(u)
complex [Niz(R-L)(H,0),Cl;5]Cl-0.4CH3CN-4.2H,0, the macro-
cycle R-L exhibits a relatively flat, helically twisted confor-
mation (Fig. 2 and 3). This conformation is similar to some
extent to that reported previously for the trinuclear Cu(u)
complex [Cus(R-L)(ps-OH),]CL,(ClO,),-5H,0.> The macrocycle
RL in the latter complex is, however, more compact and
resembles the protonated form of the macrocycle.” The less
compact form of [Niz(R-L)(H,0),Cl5]Cl-0.4CH;CN-4.2H,0 is
reflected in the larger radius of the macrocycle and the smaller
extent of the helical twist of the pyridine rings. In addition,
the macrocycle is partly domed; therefore, its approximate
symmetry is Cs, in contrast to the approximate D; symmetry of
this  macrocycle in  complex [Cuz(R-L) (p3-OH),]
Cl,(Cl0,),-5H,0.> In contrast, in complex [Cus(R-L)Cly]
Cl,-CH;CN-7.5(H,0) the ligand R-L adopts a highly distorted,
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Fig. 2 Side and top views of [Niz(R-L)(H,0),Cls]Cl:0.4CH3CN-4.2H,0
with the highlighted coordination sphere of the Ni(i) ions.

irregular saddle-type conformation (Fig. 3), reflecting both the
helical twist and considerable folding of the macrocycle. This
distortion towards an irregular conformation of R-L upon com-
plexation is similar to the distortion of a similar macrocycle,
R-L', caused by formation of a mononuclear Eu(m) complex.™
An even more distorted conformation of macrocycle R-L is
observed for the dinuclear Zn(n) complex [Zn,(R-L)Cl,](ZnCl,)
CHCl;-0.8CH30H-3.7H,0 (Fig. 4). This time, the ligand confor-
mation is dominated by strong bending and is completely
different to that observed for the free macrocycle. This
complex also differs from complexes [Niz(R-L)(H,0),Cls]
Cl-0.4CH;CN-4.2H,0, [Cu,(R-L)CL]Cl,-CH;CN-7.5(H,0), and
[Cus(R-L)(13-OH),]Cl,(Cl0,),-5H,0 > in the mode of binding
of the metal ion by the macrocycle. In [Zny(R-L)Cl,]
(znCl,)-CHC1;-0.8CH30H-3.7H,0, each Zn(u) ion is
ordinated by four nitrogen atoms of the macrocycle: a nitrogen
atom of the pyridine ring, two nitrogen atoms of the adjacent
diaminocyclohexane fragment and one nitrogen atom of the
other adjacent diaminocyclohexane fragment; one of the pyri-
dine rings remains uncoordinated.

The crystal structures of the [Niz(R-L)(H,0),Cls]
Cl-0.4CH;CN-4.2H,0, [Cu;(R-L)Cl,]Cl,-CH;CN-7.5(H,0) and
[Zn,(R-L)CL,](ZnCl,)-CHCl;3-0.8CH3;0H-3.7H,0 complexes also
demonstrate the ability of macrocycle L to adopt metal centers
of different geometries with different sets of additional
monodentate ligands. The remarkable feature of complexes
[Niy(R-L)(H,0),Cl5]CI-0.4CH;CN-4.2H,0 and  [Cu,(R-L)CL,]

CO-
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Fig. 3 Side and top views of [Cuz(R-L)Cl4]Cl,-CH3CN-7.5(H,0) with the
highlighted coordination sphere of the Cu(n) ions.

Cl,-CH;3CN-7.5(H,0) is the presence of a central p;-Cl bridge
connecting the three metal ions. In complex [Niz(R-L)
(H,0),Cl;5]Cl-0.4CH3CN-4.2H,0, all three Ni(u) ions adopt dis-
torted octahedral geometries. Selected bond distances and
angles are listed in ESI Table 1S.t The equatorial plane for all
three Ni atoms is created by three nitrogen atoms from the
macrocyclic ligand and the bridging chloride atom, with Ni1-
(ps-Cl1), Ni2—(p3-Cl1) and Ni3—(p3-Cl1) bond distances equal to
2.745(3), 2.642(3) and 2.554(3) A, respectively. The apical posi-
tions are occupied by two terminal chloride atoms in the case
of Ni1 or one chloride atom and one water molecule in the
cases of Ni2 and Ni3. The [Ni;] unit is strictly a scalene tri-
angle; however, it can be considered as an approximate iso-
sceles triangle with Ni1---Ni2, Ni2---Ni3 and Ni3---Ni1l
distances of 4.579(2), 4.468(3) and 4.496(2) A, respectively. The
chloride atom p;-Cl1, which is trapped in the middle of the
molecule, lies 0.460(3) A out of the plane defined by the nickel
atoms. In complex [Cuj(R-L)Cl4]Cl,-CH3CN-7.5(H,0), each
Cu(u) ion is coordinated by three nitrogen atoms of the

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Side and top views of [Zn,(R-L)Cl,](ZnCl,)-CHCl3-:0.8CH3zOH-3.7H,0
with the highlighted coordination sphere of the Zn(i) ions.

macrocycle, by the central bridging chloride anion and by
additional chloride. Despite this, the complex is much less
symmetrical in  comparison with  [Cuz(R-L)(p3-OH),]
Cl,(Cl0,),-5H,0,* and each Cu(n) ion is clearly different; all of
them are pentacoordinate and have distorted geometries.
Selected bond distances and angles of [Cug(R-L)Cl4]
Cl,-CH;3CN-7.5(H,0) are listed in ESI Table 2S. Two of the
Cu(u) ions are closer to square-pyramidal geometry, while the
third Cu(u) ion has distorted trigonal bipyramid geometry. The
distortions from the ideal geometries are reflected in the
values of the angular structural parameter 7 (index of trigonal-
ity);"* 7 = (8 — a)/60°, where a and f are the two largest angles
in the coordination sphere. The values of 7 for the Cu(u) ions
are equal to 0.57, 0.19 and 0.15 for Cul, Cu2 and Cu3, respect-
ively. The limit value of z = 0 corresponds to an ideal square
pyramid (a = 8 ~ 180°) and 7 = 1 corresponds to an ideal trigo-
nal bipyramid (& = 120" and § = 180°). For Cul, the basal plane
of the bipyramid consists of one terminal chloride atom and
two nitrogen atoms, one from diaminocyclohexane and one
from the pyridine ring. The apical positions are occupied by a
second nitrogen atom from diaminocyclohexane and a brid-
ging chloride ligand p;-Cl1, with a Cul—-(ps-Cl1) bond distance
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equal to 2.345(2) A. The square-planar base of Cu2 is defined
by three nitrogen atoms from the macrocyclic ligand and a
terminal chloride atom. The apical position is occupied by the
bridging chloride ligand p;-Cl1, with a distance of 2.675(1) A.
In the case of Cu3, the axial position is occupied by the term-
inal chloride atom, while the equatorial plane consists of three
nitrogen atoms from the macrocyclic ligand and the bridging
chloride ligand p;-Cl1, with a Cu3—(ps;-Cl1) bond distance
equal to 2.438(1) A. The [Cu;] unit is strictly a scalene triangle
but can be considered as an approximate isosceles triangle
with Cul---Cu2, Cu2---Cu3 and Cu3---Cul distances of 3.970(3),
4.424(2) and 4.358(2) A, respectively. The chloride atom p;-Cl1,
which is trapped in the middle of the molecule, lies
0.301(2) A out of the plane defined by the copper atoms. The
two Zn(u) ions bound by macrocycle R-L in complex [Zn,(R-L)CL]
(znCl,)-CHCl;-0.8CH3;0H-3.7H,0 have coordination spheres
with distorted square-pyramidal geometry completed by
chloride anions (selected bond distances and angles of
[Zn,(R-L)CL,])(ZnCl,)-CHCl;-0.8CH30H-3.7H,0 are listed in ESI
Table 3St). The third Zn(u) present in this crystal is not co-
ordinated by the macrocycle, but forms a tetrahedral [ZnCl,]*~
complex counter-anion. The dinuclear Zn(u) macrocyclic
cationic complex [Zny(R-L)CL]** and the [ZnCl,]>” anion
form a tight ion pair; the anion is positioned in a cleft
formed by a bend in the macrocycle in [Zny(R-L)Cl,]
(ZnCl,)-CHCIl;-0.8CH;0H-3.7H,,0. Thus, the dinuclear unit of
the cationic macrocyclic complex can be regarded as a host for
the anionic [ZnCl,]*~ guest.

Magnetic properties

The magnetic properties of complexes [Niz(R-L)(H,0),Cl;]Cl
and [Cuz(R-L)Cl4|Cl, were examined in the temperature range
of 1.8 to 300 K. The temperature dependences of the y,T
product (y,, being the magnetic susceptibility per trinuclear
unit) of the nickel [Niz(R-L)(H,0),Cl5]Cl and copper [Cu(R-L)
Cl,]Cl, compounds are shown in Fig. 5 and 6. Spin-orbit coup-
ling, characteristic for Ni(u) compounds,'® gives rise to the
room temperature y;,,7 value for compound [Niz(R-L)(H,0),Cl;]C1

0,6 14
057 4 ~
- A 13
s 04 =
mg 0,31 ,. 28
:EO,Z— ' a
0,14 ES
0,0
T T T T T T 0

0 50 100 150 200 250 300
T[K]

Fig. 5 Temperature dependence of experimental y,, (O) and y,T (®)
vs. T for complex [Niz(R-L)(H>0),ClsICL. Solid lines show the best
obtained fit.
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Fig. 6 Temperature dependence of experimental y,, (O) and y,, T (@) vs.
T for complex [Cuz(R-L)CLICL,. Solid lines show the best obtained fit.

of 3.75 em® mol™ K, which is higher than theoretical spin-
only value of 3.02 cm® mol™ K for the three S = 1 uncoupled
centers. Upon cooling, the y,T product decreases continu-
ously, finally reaching a value of 0.88 cm® mol™ K at 1.8 K.
This behavior is characteristic when three S = 1 paramagnetic
metal centers are antiferromagnetically coupled. A similar
relationship for triangular Ni; compounds has been observed
by P. Chaudhuri et al.'* and V. V. Pavlishchuk et al.'® This be-
havior is different from what one would expect for isolated Nij
molecules, presenting a Curie’s law regime and a plateau at
the lowest temperature corresponding to the S = 1 ground state
(¥mT =1 cm® K mol™")."®"” Taking into account differences in
the coordination atoms of nickel ions in [Niz(R-L)(H,0),Cl5]Cl
(a NNNCIClp;-Cl coordination environment for Nil and NNN
(H,O)Clp;-Cl coordination environments for Ni2 and Ni3), the
quasi-isosceles core of these compounds and the two J and j

parameters were assumed by applying the derived
Hamiltonian (eqn (1)):
H = 7](5182 + S183) 7‘](8253) (1)

However, the distances between the nickel ions are compar-
able (ESI Table 1St). The experimental data were fitted using
the PHI program,'® including the ZFS parameter D of Ni(u) ion
and a term zJ’ for intertrimer exchange. The best-fit parameters
are: J = —2.56 ecm™ ', j = =1.54 ecm ™', z/' = =0.09 cm ™', g = 2.21
and R = 1.26 X 10™*, R = Y (YexpT — ZcateT)*/ X (YexpT)*- The S =
0 ground state was found for complex [Niz(R-L)(H,0),Cl;5]Cl
from a j/J ratio'® equal to 0.6. The ground state S = 0 was pro-
posed for ratios between 0.5 and 2.0 and the ground state S =1
should be observed for ratios less than 0.5 and greater than
2.0'13,17

The ym,T value of complex [Cus(R-L)CL|Cl, is equal to
1.05 cm® mol™ K at room temperature, which is only slightly
lower than the expected value for three uncoupled S = 1/2
spins (ca. 1.2 cm® mol ™" K). This value systematically decreases
with decreasing temperature to 0.473 cm® mol™' K at 60 K.
This behavior is characteristic of a dominant antiferromagneti-
cally coupled system. Between 10 and 60 K, a plateau in the
ymT vs. T relation is observed, with a value of ~0.4 cm® mol™ K,
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as expected for an isolated S = 1/2 ground state. The plateau
has been observed for many other Cu(u) triangles;'®>"%%2¢ it
indicates that these compounds follow Curie’s law, and only
the ground spin doublet (or degenerate spin doublets) is ther-
mally populated. The experimental y,,7 data decreases below
10 K, which suggests that other kinds of antiferromagnetic
interactions are operative; intermolecular interactions through
hydrogen N-H---Cl bonds are observed in the crystal structure
(Fig. 19St). This observation is characteristic of equilateral as
well as isosceles and scalene copper(n) triangles’® and is a
result of spin frustration. Spin frustration occurs when only
two out of three spins achieve full spin compensation simul-
taneously.">** Triangular, trinuclear Cu(u) complexes can be
regarded as geometrically spin-frustrated systems'® where an
isotropic Heisenberg-Dirac-van Vleck (HDVV) Hamiltonian
formalism is not sufficient to investigate the magnetic pro-
perties and an antisymmetric term should be added."®>°

The experimental data were fitted using the PHI program.'®
Anisotropic, antisymmetric interactions were included in the
program. The best fit to the experimental data of [Cu(R-L)Cl4]

Cl, results in these parameters: / = —85.6 cm™', j = 77.1 cm™},

zJ'=—-0.14 cm™".

Magnetostructural correlation

To our knowledge, the trinuclear compounds [Niz(R-L)
(H,0),CL5]Cl and [Cuy(R-L)CL4]Cl, are the first examples with
Cu;Cl and Ni;Cl cores where experimentally observed mag-
netic interactions are caused by —(p;-Cl) coupling. Structural
data of compounds [Niz(R-L)(H,0),Cl;5]Cl and [Cuz(R-L)Cl,4]Cl,,
important in magnetostructural correlation, are presented in
Table 1. It is worth noting that the peripheral ligands that
hold the M;Cl core do not participate or participate only
slightly in magnetic interactions in both the [Niz(R-L)
(H,0),Cl;5]Cl and [Cuz(R-L)Cl4]Cl, compounds due to the long
path of the interactions (the average values of the total sum of
the M-N-C-C-N-M distances are 8.56 and 8.51 A, respectively,
for Ni; and Cu;). Additionally, the conformation of both com-
plexes is helically twisted. The lack of literature data for
similar systems, where three copper ions are connected by one
chloride bridge, prevents further comparison.

Many trinuclear Cu(u) and Ni(u) compounds are described
in the literature;'**” most of these contain M;O(H) cores and
peripheral NO-oxime and NN-pyrazole-triazole bridges.
Peripheral ligands in equatorial positions also play important
roles in the magnetic interactions of these types of
complexes, giving rise to strong antiferromagnetic coupling.

Table 1 Magnetostructural data for [Niz(R-L)(H,O0),Cls]ICl (2) and
[Cuz(R-L)CLLICL; (3)

J J a p ¥ a
2 —-2.56 —-1.54 117.44 116.25 118.25 0.460
3 —85.6 77.1 114.96 125.54 104.37 0.301

“d is the deviation of p;-Cl from the metal; centroid (A); the other
parameters are defined in Scheme 1.

This journal is © The Royal Society of Chemistry 2016
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Magnetostructural correlation was thoroughly performed®*>°
for the CuzO(H) complexes and confirmed by calculations
based on density functional theory combined with the broken-
symmetry approach (DFT-BS),>* where the spin delocalization
mechanism was used. The relationships presented® between
the magnetic coupling and structural features for trinuclear
complexes with [CuzO] cores, and the principal structural
factors, are:

(a) The major factor controlling the spin coupling between
the metal centers in hydroxido, alkoxido or phenoxido bridged
compounds is the bridging Cu-(p;-O)-Cu angles. The mag-
netic coupling interaction is switched from ferromagnetic to
antiferromagnetic as the Cu—(p;-X)-Cu angle changes from 76
to 1200.2°7%°

(b) A linear correlation was found between the coupling
constant J and the deviation of the p;-O atom from the cen-
troid of the Cu; triangular motif. A smaller deviation deter-
mines strong antiferromagnetic coupling.>®>”

(¢) A more flattened CuzO(H) bridge favors stronger mag-
netic interaction.>®

The results obtained for [Cuz(R-L)Cl4]Cl, complex, with a
[Cu;Cl] core, confirm the aforementioned conclusions. After
analyzing the magnetism of complex [Cuz(R-L)Cl,]CL,, we can
offer an extra point, dependent on the nature and strength of
the interactions: the geometry of the copper ion determines
the type of the magnetic orbital. Different surroundings of the
coupled Cu(n) ions give rise to both antiferromagnetic (J =
-85.6 cm™ ') and ferromagnetic (j = 77.1 cm™') interactions.
Because the three Cu(u) ions of [Cuy(R-L)Cl4]Cl, are structurally
different, the bonding pathways between the adjacent Cu(u)
ions are also different, as is the arrangement of magnetic orbi-
tals with respect to the central chloride bridge. According to
the = parameters, the geometries of Cu2 and Cu3 are square
pyramidal (z = 0.19 and 0.15, respectively), while Cul could be
regarded as a distorted trigonal bipyramid (¢ = 0.59). For that
reason, in accordance with the orbital model for magnetic
interactions,"® different magnetic orbitals with interacting
unpaired electrons could be engaged in magnetic interactions
(dye—ye in the cases of Cu2 and Cu3, and a part of orbital d,. in
the case of Cul). The spin delocalization between the p orbi-
tals of the p;-Cl bridging ligand and the Cu(u) centers contrib-
utes to both the ferromagnetic (j) and antiferromagnetic (/)
coupling interactions.

Only a few examples in the literature are concerned with
similar Cu;Cl cores, which prevents further comparison and
discussion of the data obtained in this work. The first triangu-
lar structural Cus(p;-Cl), motif was presented by R. Boca
et al.;*° however, no experimental magnetic data were acquired
for this compound. A triangular Cu(u) cluster, doubly capped
by two ps-X ligands (X = O(H), Cl, Br), and progression from
strongly antiferro- to ferromagnetic exchange has been pre-
sented,”" accompanying the change of the Cu—(p;-X)-Cu angle
(X =0, OH, halogen) from 120° to 80°. X-ray crystal geometries
of these compounds were used in DFT-BS ** calculations. In all
the above cited compounds, equatorial ligands also play
important roles in the magnetic interactions.

This journal is © The Royal Society of Chemistry 2016
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Ni3 Cu3

PG ES

Scheme 1 The angle g is defined by the average of the most similar
M—-CIl-M (M = Ni or Cu) angles with the triangle, whereas the angle y
refers to the most different of these angles. The angle «a is defined as the
average of the three angles of the complex.

N2 Cu1 Cu2

Analysis of the structural and magnetic data and DFT calcu-
lations of the triangle Niz;O(H) compounds indicates that the
antiferromagnetic interaction also depends on the Ni-O-Ni
angles.**™%’

Magnetostructural data of the complexes analyzed by us,
with [NizCl] and [Cu;zCl] cores, are presented in Table 1 (expla-
nation of the signs is given in Scheme 1). The magnetic coup-
ling parameters exert effects through the triply bridged p;-Cl
core, which has not been described to date. The parameters
obtained for [Niz(R-L)(H,0),Cl;]Cl are equal to J = —2.56 cm ™"
and j = —1.54 cm™; the antiferromagnetic nature of these
interactions between the metal centers is caused by Ni-CI-Ni
angles greater than 116°. Although the coupling constants
found by J. Esteban et al.*” for a [NizO] core with similar Ni-0-
Ni angles 116°-117° were greater and amounted to —44 to
—55 ecm™ ', this was caused by additional magnetic interactions
through oxime and carboxylate bridges. In both the [Niz(R-L)
(H,0),Cl;5]Cl and [Cus(R-L)Cl,]Cl, compounds, deviation of p;-
Cl from the metal; centroid is observed (Table 1); this con-
firms previous reports that less deviation determines stronger
antiferromagnetic coupling. Although the complexes of [Niz(R-
L)(H,0),Cl;]Cl and [Cuz(R-L)CL]Cl, form apparently similar
structures, the differences observed in their magnetic pro-
perties are a result of the different geometries and magnetic
natures of Cu() and Ni(u) ion.

Due to the presence of intermolecular H-bonds in the
crystal lattices of both complexes (Fig. 18S and 19St), very
weak intermolecular magnetic interactions through these
bonds were found: z/' = —0.09 and —0.14 cm™" for [Niz(R-L)
(H,0),Cl;5]Cl and [Cuz(R-L)Cl4]Cl,, respectively.

Conclusions

Six enantiopure Ni(u), Cu(u) and Zn(u) complexes with chiral
nonaazamine have been prepared, and three of the complexes
were structurally characterized by X-ray crystallography. As was
shown, depending on the metal used, different arrangements
of the ligand R-L and different binding modes of the chloride
anions were observed. X-ray crystal structures of the trinuclear
complexes [Niz(R-L)(H,0),Cl;5]C1-0.4CH;CN-4.2H,0 and
[Cu;(R-L)C1,]C1,CH;CN-7.5(H,0) indicate that the six-coordi-
nate Ni(u) or five-coordinate Cu(u) ions are bridged by one CI~
ion lying in the central position of the molecule. In the case of

Dalton Trans., 2016, 45, 15586-15594 | 15591
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the zinc complex, only two zinc ions are coordinated inside
the macrocyclic ligand, which is accompanied by considerable
macrocycle ruffling in comparison with the Cu(u) and Ni(u) tri-
nuclear derivatives. The coordination of only two Zn(u) was
also confirmed by NMR titration. The variable temperature
magnetic measurements of the complexes [Niz(R-L)(H,0),Cls]
Cl and [Cu;(R-L)CL]Cl, shows that in complex [Niz(R-L)
(H»0),CL;]Cl, three Ni(u) ions are weakly antiferromagnetically
coupled through the bridging chloride anion. On the other
hand, in complex [Cu;(R-L)Cl,]Cl,, both antiferromagnetic and
ferromagnetic interactions are observed within the quasi iso-
sceles tricopper(u) core.

Experimental
Methods

The NMR spectra were acquired using a Bruker Advance
500 MHz spectrometer. The electrospray mass spectra
(Fig. 20S-22S7) were obtained using Bruker microOTOF-Q and
Apex Ultra FT-ICR instruments. The elemental analyses were
carried out on a Perkin-Elmer 2400 CHN elemental analyzer.
Magnetization measurements in the temperature range of 1.8
to 300 K were carried out for samples of powdered crystals of
the complexes [Niz(R-L)(H,0),Cl5]Cl-0.4CH;CN-4.2H,0 and
[Cu3(R-L)Cl,]ClL,-CH3CN-7.5(H,0) (22.13 and 22.18 mg, respect-
ively) at a magnetic field of 0.5 T using a Quantum Design
SQUID Magnetometer (type MPMS-XL5). The magnetic data
were corrected for the sample holder (Quantum Design Clear
Plastic Straws in Paper-AGC2, free of paramagnetic impurities).
Corrections for the diamagnetism of the constituting atoms
were calculated using Pascal’s constants;*® the value of 180 x
107% ecm® mol™" was used to characterize the intermolecular
interactions, y,; is the magnetic susceptibility of the trinuclear
cluster, and zJ' is the intermolecular interaction parameter'®
used as the temperature-independent paramagnetism of tri-
nuclear Cu(n) complex; the value of 300 x 107 cm?® mol ™" was
used for the trinuclear Ni() complex.'® The effective magnetic
moments were calculated from the expression

Hetr = 2.831/707 - T(B.M.)

The fitting of the magnetic susceptibility and the simu-
lation of the magnetization were carried out using PHI soft-
ware.'® The mean-field approximation was calculated as
follows:

Xtri

1- (%)X tri

Crystal structure determination

X-ray data for [Niz(R-L)(H»0),Cl5]Cl-0.4CH3CN-4.2H,0 and
[Cu;(R-L)CL]Cl,-CH;3CN-7.5(H,0) were collected at 100(2) K on
an Xcalibur PX instrument (Oxford Diffraction) using Mo-Ka
radiation (1 = 0.71073 A) and CCD; computing cell refinements
were performed using CrysAlis RED.>® The X-ray data for
[Zn,(R-L)CL,](ZnCl,)-CHCl;-0.8CH;0H-3.7H,0 were collected at

Xy =
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110(2) K using a KM4CCD instrument with Mo-Ka radiation
(1=0.71073 A). The images were indexed, integrated and scaled
using the Oxford Diffraction data reduction package.’® The
structures were solved by direct methods using the SHELXS97
(Sheldrick, 1990) program®' and refined by the full matrix
least-squares technique using SHELXL2013 (Sheldrick,
2013).** All ordered non-hydrogen atoms were refined with an-
isotropic thermal parameters; the disordered atoms were iso-
tropic. The H atoms attached to C and N atoms were added
geometrically and were treated as riding on the concerned
parent atoms. H atoms attached to O atoms were located from
difference Fourier maps and included in the final refinement
cycles on fixed positions. The known absolute configurations
of chiral carbon atoms were confirmed on the basis of the
value of the Flack parameter. All figures were made using the
MERCURY programme.*? Details of the data collection, refine-
ment and crystallographic data are presented in Table 2.

Synthesis

Both enantiomers of macrocyclic ligand L, R-L and S-L, were
prepared according to a literature procedure.*

Synthesis of [Ni3(R-L)(H,0),Cl;5]Cl-0.4CH;CN-4.2H,0. The
appropriate enantiomer of macrocycle L (130.4 mg,
0.2000 mmol) and NiCl,-6H,0 (156.9 mg, 0.6600 mmol) were
dissolved in 12 mL of methanol. The mixture was refluxed for
5 h, filtered and left to stand overnight in a freezer. The
obtained light blue precipitate was filtered, dissolved in 8 mL
of CH3;CN and refluxed for 2 h. The clear blue solution
was allowed to stand in the freezer. After a few days, blue
crystals of the complex suitable for X-ray measurement
were formed. The crystals were collected by filtration,
washed with 1 mL of precooled acetonitrile and dried under
vacuum. Yield: 73.89 mg (32%). Anal. calc. (found) for
C39.8H70.6No.4062Ni3Clg: C 40.90 (40.82), N 11.26 (11.12),
H 6.08 (6.15). ESI-MS: m/z: 382.7 [L_,uNi,]*"; 401.7 {[L_,yNi,]
(H,0)F"; 411.6 [L_4uNis]*; 419.6 {[L_4uNiz](H,0)}*"; 429.6
[L_suNisCIJ";  438.6  {[L_suNizCl|(H,0)}*; 447.6 [L_ou
NizCL]*"; 456.6 {[L_,uNizCL](H,0)}*"; 466.6 [L_;yNizCL;]*;
484.6  [LNizCLJ*;  950.2  {[L_,uNisCl5](H,0)};  986.1
{[L_,uNi;Cl;](H,0),}; 1004.2 [LNi;Cl;]". "H NMR (500 MHz,
CD;CN) 6 47.21, 35.03, 22.03, 20.47, 13.55, 11.57, 3.05, 1.63,
—0.93, —4.59. CD [MeOH, 298 K, Ap./nm (/M ecm™)]: 226
(6,9), 273 (=7), 457 (0.025), 557 (0.025), 711 (0.06).

The [Niz(S-L)(H,0),Cl5]Cl-0.4CH;CN-4.2H,0
was obtained in a similar fashion. Yield: 78.41 mg (34%) Anal.
cale (found) for CsggH70.6No 406,NizCls: C 40.90 (40.78), N
11.26 (11.31), H 6.08 (5.93). CD [MeOH, 298 K, Apa/nm (e/M ™
em ™ Y]: 227 (=6.6), 275 (7), 457 (-0.035), 557 (—0.025), 711
(—0.08).

Synthesis of [Cuz(R-L)Cl,]Cl,-CH;CN-7.5(H,0). The appropri-
ate enantiomer of macrocycle L (130.4 mg, 0.2000 mmol) and
CuCl,-2H,0 (112.5 mg, 0.6600 mmol) were dissolved in 12 mL
of acetonitrile, and the mixture was refluxed for 5 h. The
obtained green precipitate was filtered, and the clear, dark
green filtrate was allowed to stand at room temperature. After a
few days, dark green crystals suitable for X-ray measurement

enantiomer

This journal is © The Royal Society of Chemistry 2016
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Table 2 Crystallographic data for complexes
(ZnCl,)-CHCl3-0.8CH30H-3.7H,0

[Niz(R-L)(H20),Cl51Cl-0.4CH3CN-4.2H,0,

View Article Online

Paper

[CU3(R'L)C|.4]C|.2CH3CN75(H20) and [an(R'L)Clz]

[Ni(R-L)(H,0),Cl;]Cl:

Compound reference 0.4CH;CN-4.2H,0

[Cus(R-L)CL]Cl,-CH;CN-
7.5(H,0)

[Zn,(R-L)Cl,](ZnCl,)-CHCl,-
0.8CH;0H-3.7H,0

Chemical formula C30Hg1ClsNgNizO,-
0.4(C,H;N)-Cl-4.2(H,0)

Formula mass 1168.88

Crystal system Orthorhombic

Space group P2,2,24

alA 13.592(5)

b/A 15.270(7)

c/A 24.284(12)

al® 90.00

plo 90.00

¥/° 90.00

Unit cell volume/A® 5040(4)

T/K 100(2)

No. of formula units per unit cell, Z 4

No. of reflections measured 24969

No. of independent reflections 11274

No. of observed reflections 5183

Rint 0.1236

Final R, value (I > 20(1)) 0.0767

Final wR (F) value (I > 20(1)) 0.0830

Final R, value (all data) 0.1728

Final wR (F*) value (all data) 0.0943

Flack parameter —0.024(19)

Largest peak, hole/e A™ 0.95/-0.71

were formed. The crystals were filtered, washed with 1 mL of
precooled acetonitrile and dried under vacuum. Yield: 90.8 mg
(38%) Anal. cale (found) for C,;;H;5N;00;5CusClg: C 39.99
(40.12), N 11.37 (11.41), H 6.14 (5.88) ESI-MS: m/z: 291.7
[L_ouCusCIPY; 387.7 [L_puCu,]™; 437.1 [L_suCusCl J*'; 455.1
[L_ouCusCL]"; 812.3 [L_,uCu,Cl]'; 848.3 [L_yCu,Cl,]"; 884.2
[LCu,Cl5]"; 909.2 [L_3uCusCl,]"; 927.2 {[L_3uCusClL,](H,0)}';
947.1 [L_yuCusCls]’;  965.2  {[L_,uCusCl](H,0)}'; 983.1
{[L_5uCusClL;](H,0),}; 1019.1 [LCusCls]". "H NMR (500 MHz,
D,0) § 77.20, 56.82, 36.46, 34.52, 29.12, 28.08, 27.52, 16.04,
10.44, 1.60, 1.16, 0.69, —0.96, —1.77, —6.19, —8.20, —9.42,
—-161.13, —184.80. CD [MeOH, 298 K, Ama/nm (¢/M~' em™)]:
223 (—3.1), 238 (=0.7), 252 (—2.5), 273 (19.5), 312 (—6.3), 360 (1),
421 (0.18), 500 (—0.25), 618 (0.6), 744 (—0.08).

The [Cuj(S-L)Cl4]Cl,-CH3CN-7.5(H,0) enantiomer was
obtained in a similar fashion. Yield: 96.2 mg (41%) Anal. calc
(found) for C41H,5N;(055CuzCls: C 39.99 (40.07), N 11.37
(11.29), H 6.14 (6.23). CD [MeOH, 298 K, Apa/nm
(e/M em™)]: 222 (2.7), 238 (0.8), 252 (2.6), 273 (~18.7), 312
(5.6), 361 (—0.8), 420 (—0.14), 500 (0.43), 618 (=0.75), 744 (0.2).

Synthesis of [Zn,(R-L)Cl,](ZnCl,)-3(H,0). The appropriate
enantiomer of macrocycle L (130.4 mg, 0.200 mmol) and ZnCl,
(89.9 mg, 0.660 mmol) were dissolved in 12 mL of acetonitrile
and refluxed for 4 h. The resulting solution was filtered and
left to stand overnight in the freezer. The obtained precipitate
was filtered, washed with precooled acetonitrile and dried
under vacuum. Crystals for X-ray measurements were obtained
from a CH;OH/CHCI; solution.

Yield: 99.8 mg (45%). Anal. cale (found) for
C30Hg3NoO5Zn;Clg: C 42.02 (42.23), N 11.31 (11.15), H 5.70
(5.35). ESI-MS: m/z: 357.7 [LZn]*"; 408.6 [L_yZn,CI*"; 426.6

This journal is © The Royal Society of Chemistry 2016

C30H5,Cl,Cu3No-C,H;N-
2Cl1-7.5(H,0)

C30H5,Cl,NoZn,-Cl,Zn-(CHCl,)-
0.8(CH,0)-3.7(H,,0)

1231.43 1259.80
Orthorhombic Monoclinic
P2,2,2; c2
14.775 (5) 26.227(8)
18.811 (5) 12.494(3)
19.639 (6) 16.625(4)
90.00 90.00
90.00 92.55(2)
90.00 90.00
5458 (3) 5442(2)
100(2) 110(2)

4 4

18 397 27 500
13952 11499
10484 8891
0.038 0.059
0.0595 0.0602
0.0948 0.1492
0.0910 0.0792
0.1082 0.1559
—0.012 (9) 0.035(11)
0.90/-0.81 0.99/-0.82

[LZn,CL]*". "H NMR (500 MHz, CDCl;/CD;0D v/v 2/1) § 7.88
(t, 2H, a-pyr); 7.82 (t, 1H, a-pyr); 7.42(d, 1H, p-pyr); 7.40(d, 1H,
B-pyr); 7.34(d, 1H, B-pyr); 7.31(d, 1H, p-pyr); 7.28(d, 1H, p-pyr);
7.27(d, 1H, p-pyr); 4.78-3.83 (m, 12H, Cy-pyrCH,NH); 3.55 (m,
1H, NHCHCH, (Ch)); 3.03 (m, 1H, NHCHCH, (Ch)); 2.97-2.82
(m, 3H, NHCHCH, (Ch)); 2.47 (m, 1H, NHCHCH, (Ch));
2.44-0.43 (m, 26H, CH, (Ch)); CD [MeOH, 298 K, Amqa/nm
(e/M™' em™)]: 252 (2.4), 273 (~1.6).

The [Zn,(S-L)Cl,](ZnCl,)-3(H,0) complex was obtained in a
similar fashion.

Yield: 91.1 mg (41%) Anal. calc (found) for C30Hg3NoO3Zn;Clg:
C 42.02 (42.01), N 11.31 (11.17), H 5.70 (5.67); CD [MeOH,
298 K, Amax/nm (/M em™)]: 253 (=1.9), 273 (1.7).
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