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Abstract The synthesis and full structural characterisation
is described of 3 dinuclear-based Cu(II) compounds bridged
by methoxide anions, and flexible linear bis(pyrimidine)-
o,-diaminoalkane ligands. The structures are dinuclear
based in all cases, in which the bis(pyrimidine)diaminoal-
kane ligand chelates to 2 Cu(Il) ions in the same dinuclear
unit (N-C-C—-C-C—C-N linker), or to two different dinu-
clear units (with the short N-C—-C-N linker), thereby
generating a polymeric chain. The magnetic exchange in the
compounds is dominated by the alkoxido-bridged ligands,
which generate a very strong antiferromagnetic coupling
between the Cu(Il) ions, resulting in diamagnetism at room
temperature and below, and EPR silent behaviour.

Keywords Copper(Il) - Pyrimidine - Flexible spacer -
Crystal structure - Hydrogen bond
Introduction

Binding of Cu(Il) to heterocyclic ligands plays a very
important role in many biological processes and has
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resulted in many biomimetic studies using heterocyclic
ligands for many years. The used ligands were either
monodentate [1, 2], or chelating ligands with flexible or
rigid chains connecting the heterocyclic ligands [3]. The
ability of Cu(Il) (plasticity) to generate a variety of coor-
dination geometries has allowed a variety of compounds,
with many different anions, that in themselves can also be
bridging [4]. The size of the ligand and in particular the
length of the chain between the donor atoms has, of course,
an influence on the coordination geometry of the Cu(Il) ion
and the whole structure in general. In the literature a wide
variety of such flexible ligands is available, all having the
general formula: L—(CH,),—L (in which L is a heterocyclic
nitrogen-donor ligand) have been reported, such as e.g.
bis(benzotriazol-1-yl)alkanes [5], bis(imidazol-1-yl)alk-
anes [6, 7], bis(1,2,4-triazole-1-yl)alkanes [8—11], bis(4-
pyridylalkanes [12, 13], N4-tetradentate-alkanes [14], and
bis((iso)quinoline-carboxamido)alkanes [15, 16].

In an earlier research project from our laboratory bis-
benzimidazolyl-alkanes were used extensively and suc-
cessfully as flexible ligands and a number of different
Cu(II) compounds have been reported together with their
X-ray structures [17-25]. To explore this system further we
now have designed the ligand N,N'-bis(2-pyrimidyl)-o,m-
polymethylenediamines (see Scheme 1) where the first
atoms attached to the heterocyclic ligand is a nitrogen, and
where the ligand itself has also H-bond acceptor possibil-
ities. So, we have synthesized different Cu(Il) compounds,
and determined the structures of a few representative cases.
So far, to the best of our knowledge, the X-ray structure of
only one Ag(I) compound has been published with this
class of ligands [26].

In this paper three new Cu(II) compounds are reported
in detail together with their X-ray structure, physical,
electronic and magnetic properties. The compounds
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\_N/>—NH—(CH2)n——NH <:\

Scheme 1 n = 2, N,N'-bis(2-pyrimidyl)-1,2-ethylenediamine (pyr,C,);
n = 3, N,N'-bis(2-pyrimidyl)-1,3-trimethylenediamine (pyr,Cs); n =
4, N,N'-bis(2-pyrimidyl)-1,4-tetramethylenediamine (pyr,Cy); n = 5,
N,N'-bis(2-pyrimidyl)- 1,5-pentamethylenediamine (pyr,Cs)

involve the polymeric, dinuclear-based compound
[Cuy(pyr2C,)2(OCH3),(Cl0y),],, (1) and two isostructural
dinuclear compounds, namely [Cu,(pyr.Cs),(OCH3z),
(Cl0y4)2] (2) and [Cuy(pyr2Cs)>(OCH3)2(CF3S03),] (3).
The formation of polymeric, versus the dinuclear species,
is discussed related to the spacer lengths between the 2
pyrimidine rings.

Experimental Section
General

C, H, N determinations were performed on a Perkin Elmer
2400 Series II analyzer. Ligand field spectra were obtained
on a Perkin-Elmer Lambda900 spectrophotometer, using
the diffuse reflectance technique, with MgO as a reference.
EPR spectra were recorded on a Bruker-EMXplus electron
spin resonance spectrometer (Field calibrated with DPPH
(g = 2.0036)). FTIR spectra were obtained on a Perkin
Elmer Paragon 1000 FTIR spectrophotometer equipped
with a Golden Gate ATR device, using the reflectance
technique (4,000-300 cm ™!, res. 4 cm_l). Magnetic sus-
ceptibility measurements (5-300 K) were carried out using
a Quantum design MPMS-5 5T SQUID magnetometer
(measurements carried out at 1000 Gauss). Data were
corrected for magnetization of the sample holder and for
diamagnetic contributions, which were estimated from the
Pascal constants. 'H NMR spectra were recorded using a
DPX 300 Bruker (300 MHz) instrument.

Synthesis

The ligands were synthesized according to the general
procedure described by Garcia-Raso et al. [26]. All other
chemicals were commercially available and were used
without purification.

Synthesis of the coordination compounds: The com-
pounds were prepared according to the following general
procedure: 1.2 mmol of Cu(Il) salt and 1.2 mmol of the
ligand were each dissolved in 10 mL of methanol The
Cu(Il) salt solution was then added slowly to the ligand
solution and filtered to remove any undissolved material.

Usually after a few days to a week the products separated
as very small or microcrystalline crystals. Suitable
(micro)crystalline material was obtained for Cu(ClOy),
with the ligand pyr,C, and for Cu(ClO4), and
Cu(CF;S03), with the ligand pyr,Cs. Attempts to synthe-
size (micro)crystalline products with other Cu(Il) salts or
with the ligands (pyr,Cs) and (pyr,Cy) failed so far. Suit-
able elemental analyses were obtained for all compounds.

Crystal Structure Determination and Refinements

A crystal was selected and mounted to a glass fiber using
the oil-drop method; data were collected on a Nonius
KappaCCD diffractometer (graphite-monochromated Mo-
Ko radiation). The intensity data were corrected for Lor-
entz and polarization effects, for absorption and for
extinction. The structures were solved by direct methods.
The programs COLLECT [27], SHELXS-97 [28], SHEL-
XL-97 [29] were used for data reduction, structure solution
and structure refinement, respectively. Refinement of F”
was done against all reflections. All non-hydrogen atoms
were refined anisotropically. All H atoms were introduced
in calculated positions and refined with fixed geometry
with respect to their carrier atoms.

In case of compound 1 some disorder was found; the
disordered C18 and C28 atoms were refined in the two
positions each with population parameter 0.5. The refine-
ment of compound 2 was found to be uneventful. The
refinement of compounds 3 resulted in highly disordered
parts, especially for the triflate group; this was refined as a
rigid group in two positions with population parameters
0.75 and 0.25. The details are included in the supplemen-
tary information. One coordination site of the Cu atom
appeared to be occupied by disordered methoxido and
hydroxido groups. These groups were refined with popu-
lation parameters 0.75 and 0.25. The hydroxide H atoms
were located from a difference map.

Crystallographic data for the 3 compounds are presented
in Table 1.

Results and Discussion

Description of the Crystal Structures

Description of Crystal Structure
[Cux(pyr2C3)2(OCH;3)2(ClO4)2], (1)

A thermal ellipsoid plot, together with the numbering
scheme is presented in Fig. 1 with selected bond distances
and angles in Table 2. The Cu atoms are crystallographi-
cally equivalent The geometry around each Cu(Il) atom is
distorted octahedral with the basal plane formed by two

@ Springer
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Table 1 Crystal and refinement data

Compound

1

2

3

Formula
Molecular weight
Crystal system
Temp (K)

Space group

a (A)

b (A)

c ()

o (°)

B

7 (®)

V(A%

zZ

Deye, (g em™)
F(000)

g (mm~")

Crystal size (mm)
Colour, shape
Ouins Ormax deg
Total refl.

Total unique refl.
No. of refined parameters
R\, WRy", §°
Min. and max. resd. dens. e/A’

C5,H30C1,Cu,N 1,019
820.56

Monoclinic

173(2)

P21/n

9.767(2)

11.164(2)

14.523(3)

90.0

94.61(3)

90.0

1578.4(4)

2

1.726

836

1.590

0.08 x 0.04 x 0.02
Blue, prismatic
2.61-27.58

22,222

3,647 (Rin = 0.1039)
235

0.0516, 0.1336, 1.023
—0.636; 0.700

C23H42Cl,CusN 1,01
904.72

Triclinic

173(2)

P—1

8.721(2)

10.797(2)

10.949(2)

71.49(3)

81.96(3)

69.85(3)

917.3(3)

1

1.638

466

1.638

0.10 x 0.05 x 0.05
Green, prismatic
2.70-27.50

13,828

4,190 (R;, = 0.0812)
244

0.0545, 0.1215, 0.981
—0.514; 0.480

Ca9.5H41CusFgN1505S,
996.94

Monoclinic

173(2)

P21/n

13.442(3)

10.812(2)

13.814(3)

90.0

91.48(3)

90.0

2007.0(7)

2

1.650

1020

1.255

0.40 x 0.10 x 0.05
Blue, needle
2.81-27.60

24,173

4,518 (R;y, = 0.0956)
277

0.0890, 0.1935, 1.079
—0.781; 0.515

TRy = SIF — IF/SIF
> WR, = [ [w(Fs - FOP/YwEFEa)" ">

¢ Goodness-of-fit § = [Ew (F: - Ff)2 /(n— p)] , where n is the number of reflections and p the number of parameters

Fig. 1 Thermal ellipsoid plot
(50% probability level) of
[Cua(pyr2C2)2(OCH;3)2(Cl04)2],
(1) with the used atom-labelling
scheme. Hydrogen atoms are
omitted for clarity

nitrogen atoms originating from two different ligands with
a Cu-N distance which vary from 2.016(3) to 2.018(3) A
and two oxygen atoms of the two bridging methoxido
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ligands with Cu—-O distances which vary from 1.935(3) to
1.943(3) A. The apical positions are occupied by oxygen
atoms of the bridging perchlorate anions with rather long
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Table 2 Selected bond lengths (/&) and angles (°) for [Cu,(pyr,.
C2)2(OCH3)2(Cl04)2], (1)

Cu(1)-0(1) 1.9353)  Cu(1)-O(1)b 1.943(3)
Cu(1)-N(11) 2016(3)  Cu(1)-N(21) 2.018(3)
Cu()- O(11) 2.745(3)  Cu(1)-0(12) 2.693(3)
Cu(1)-Cu(1)b 2.990(1)

O(1)-Cu(1)-O(1)a 79.1(1)  O(1)-Cu(1)-N(11) 96.3(1)
O(Db-Cu(D)-N(11)  175.4(1)  O()-Cu(1)-N@21)  170.8(1)
O(Db—Cu(D-N21)  93.0(1) N(ID-Cu(1)-N21)  91.5(1)
Cu(D-O(1)~Cu(Da  100.9(1)

a=—x,-y+1,—z+1

semi coordination distances of 2.693(3) to 2.745(3) A. The
Cu—Cu distance within the dinuclear units is 2.990(1),
while the Cu—O-Cu angle is 100.9(1)°. In the crystal lattice
the dinuclear Cu(Il) units are linked up in linear, polymeric
chains connected by the pyr,C, ligands (see Fig. 2).
Moderately strong intramolecular hydrogen bonds are
formed by the amine nitrogen to the oxygen atoms of the
perchlorate anions (N-H:--O distances 2.985(5) to
3.071(5) A. The lone pair of the non-coordinating pyrim-
idine nitrogen is not involved in hydrogen bonding.
Stacking interactions are also not observed.

Description of Crystal Structure
of [Cux(pyr2Cs)(OCH3)2(ClO4)>] (2)

A thermal ellipsoid plot, together with the numbering
scheme is presented in Fig. 3, whereas selected bond dis-
tances and angles are presented Table 3. The compound is
essentially dinuclear with methoxide as the strongest
bridge. The other bridge is formed by the ligand, where one
pyrimidine N binds to one Cu and the other binds to the
other Cu, thereby forming a 14-membered ring, including
the Cu—-O-Cu group. The perchlorate, in this case is
asymmetrically binding. The fifth position Cu is occupied
by an oxygen atom of the perchlorato anion with a distance

2.550(3) A, whereas the sixth ligand is too far to be con-
sidered as semi-coordinating (CulA..O13 = 3.278 A). So
the geometry around each Cu(II) atom is considered best as
5 coordinated with the basal plane formed by two nitrogen

Fig. 2 The chair formation by
pyr.C, ligand bridging of the
dinuclear units in compound 1

Fig. 3 Thermal ellipsoid plot (50% probability level) of [Cu,(pyr,.
Cs5),(OCH3),(Cl104),] (2) with atom-labelling scheme. Hydrogen
atoms are omitted for clarity. One form of disordered C28, C29
atoms is depicted only

atoms of two different ligands with a Cu-N distance which
vary from 2.015(3) to 2.018(3) A and two oxygen atoms of
the two bridging methoxide anions with a Cu-O distance of
1.944(3) A. The Cu—Cu distance of the dinuclear unit is
3.007(1), while the Cu—O-Cu angle is 102.1(1)°. The basal
planes in compound 2 are 168.5(1) and 171.8(1)°. The
geometry of 5 coordinating compounds can be described
by the parameter t (in which the structural parameter t
describes the relative amount of trigonality; t = 0 for
square pyramid and 7 = 1 for trigonal bipyramidal [30]).
In this case t = 0.06, so the geometry can be considered as
a rather undistorted square pyramidal.

Relatively strong intramolecular hydrogen bonds are
formed by the amine nitrogen to the oxygen atoms of the
perchlorate anions (N-H---O distances 2.874(5) to
3.000(7) A). The lone pair to the pyrimidine nitrogen is not
involved in H-bond acceptance.

@ Springer
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Table 3 Selected bond lengths (10\) and angles (°) for [Cu,(pyr,.
C5)2(OCH3)2(Cl04)2] (2)

Cu(1)-0(1) 1.944(3)  Cu(1)-N(11) 2.018(3)
Cu(1)-N(2D)a 20153) Cu(1)-0(14) 2.550(3)
Cu(1)-Cu(1)a 3.007(1)

O(l)a—Cu(1)-O(1)  77.94(12) O(l)a—Cu(1)-N(11)  96.85(13)
O()-Cu(1)-N(11)  168.46(13) O(1)a—Cu(1)-N(2D)a 171.79(12)
O()-Cu()-N(2Da  94.06(13) N(11)-Cu(1)-N(21)a  90.69(14)

Cu(1)a—O(1)~Cu(1) 102.06(12)

a=-—x+1-y+1 —z+1

The flexible space in the ligand clearly allows that in
this case, contrary to compound 1 with the short spacer, the
ligand can fold and bind intramolecularly. To find out the
possible effect of the counter anion, the perchlorate was
replaced by triflate, and the structure was also determined.
The structure of the cation part is essentially the same. As
the X-ray structure of [Cu,(pyr,Cs)(OCH3),(CF3S053),]
(3) has a severe disorder in the triflates and in the bridging
methoxide, the details of this structure is presented as
supplementary material only (see supplementary material
figure S1 and table S1). The complete structures of both
compound 2 and 3 are indeed dinuclear based with a
Cu"0,Cu" unit, basically similar to compound 1.

Ligand Field, Infrared Spectroscopy and EPR

The ligand-field transition measured as a solid with the
diffuse reflectance technique against MgO, is observed as a
strong broad band with a maximum of 16.7 x 10°> cm™"
for compound 1 and as a broad band with a maximum at
17.2 and 16.6 x 10° cm™" with a shoulder at 14.2 and at
14.0 x 10* cm™" for compounds 2 and 3, respectively.
These bands are in agreement with the distorted octahedral
geometry for 1 and the slightly distorted “square pyrami-
dal” geometries for 2 and 3 [31].

In the IR spectra of all three compounds a strong signal
is observed at around 3,347-3,354 cmfl, which is assigned
to the NH vibration of the ligand. The perchlorate anion
strongest vibration for compound 1 and compound 2 is
observed at about 1,050—-1,060 cm ™. The ligand vibrations
can clearly be assigned comparing with the free ligand. See
figure S2 for a representative example.

The most characteristic vibrations of the triflate anion
are the v,4s-0) bands in compound 3 and are observed at
1,289, 1,280, 1,267 cm™' (triplet) and 1,234 cm™',
respectively. These bands are in agreement with the liter-
ature for monodentate and/or H-bonded triflate absorptions
[18, 32]. In the Supplementary information some repre-
sentative IR spectra are presented.

X-band EPR spectra of polycrystalline powders of the
complexes were recorded at room temperature and 77 K in

@ Springer

the range 0—800 mT. All three compounds are EPR silent
both at RT and at 77 K in agreement with diamagnetism, as
expected for methoxide-bridged Cu(II). Only a very weak
S =Y signal of a small mononuclear impurity (with
parameters gper, 2.05, g of 2.30 and A of about 15.6 to
16.5 mT) can be seen (See figure S3). Such a species is
often present in dinuclear bulk material. This observation is
in agreement with other dinuclear methoxido-bridged
compounds [17, 18, 25, 33, 34]. At 77 K in compound 2
only one very weak triplet signal is observed at 600 mT.
Magnetic susceptibility measurements as a powder down to
He temperatures, showed the compounds to be essentially
diamagnetic below room temperature; heating of the
sample to determine increasing thermal population of the
triplet state was not possible, due to decomposition. NMR
spectra of solutions in MeOH showed showed the ligand
signals, with some broadening due to traces of mononu-
clear, paramagnetic Cu(Il) in the solutions.

Concluding Remarks

In conclusion, of the 4 ligands synthesized (Scheme 1)
only the ligand with 2 or 5 C atoms between the nitrogens
did yield crystalline Cu(Il) compounds. In both cases the
Cu(I) ions are double bridged by a methoxide and the
counter anion. In compound 1 the ligand pyr,C, is not
flexible enough to allow chelation of the dinuclear unit, and
instead forms polymers. On the other hand, the ligand
pyr2Cs ligand, with the C5-alkyl chain, can fold around the
unit to form 2 times a bridge at the dinuclear unit; subse-
quently the perchlorate anion is not symmetrically bridging
the 2 Cu(Il) ions, but is semi-coordinating in fact mono-
dentately to the Cu(Il) ions. The ligands with 3 and 4 C
atoms in the bridging part, were found unable to form
crystalline coordination compounds.

Supplementary Material

IR and EPR spectra of a few representative compounds
as well as the figure and bond distances and angles of
compound 3 are given as supplementary material. Crys-
tallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publications no. CCDC: 698937,69838 and
698939, for compounds 1, 2 and 3, respectively. Copies of
the data can be obtained free of charge on application to
The Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: int code +44(1223)336-033, E-mail:
deposit@ccdc.cam.ac.uk).
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