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Reaction of Cu(ClOy),-6H,0 with pyrazine (pz) and 2,3-dihydroxy pyridine in aqueous
solution generates bis(aqua(3-oxy-2-pyridono)copper(Il))u-pyrazine diperchlorate. The com-
pound crystallizes in the triclinic space group Pi. The aqua(3-oxy-2-pyridono)copper(Il) units
are bridged by pyrazine to form a dimer. These dimers are further bridged by perchlorate to
form a structural ladder parallel to the h-axis. Hydrogen bonding interactions and z-stacking of
the pyridone rings also provide structural stability to the lattice and provide potential magnetic
superexchange pathways. Temperature-dependent magnetic susceptibility data reveal a
maximum in x near 6 K and exhibit a rapid drop in x at lower temperatures, in agreement
with a singlet ground state. The use of several models for fitting the magnetic data gave values
of approximately —10 K for the dimer interaction and approximately +1.5K for the interdimer
interaction.

Keywords: Copper(ll); Pyrazine; Bridging perchlorate; Magnetic susceptibility; Crystal
structure

1. Introduction

The preparation and study of low-dimensional magnetic systems, i.e., those where
magnetic interactions propagate in only zero, one, or two dimensions, has been a major
area of study for more than two decades. Recognition of copper oxide-based
superconductors as well isolated 2-D-antiferromagnets [1] has been a prime point for
this interest coupled with the observation that other low-dimensional systems, such as
magnetic ladders, can also undergo a transition to a super-conducting state [2]. Other
unique physical phenomena such as the Luttinger Liquid State have been demonstrated
in such systems [3]. The S= ' moment for Cu(Il) makes it especially appropriate for
such studies, and hence it is a clear focus in the literature. Similarly, pyrazine has been
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used extensively in the preparation of these materials due to its rigorously linear
bridging nature and moderate magnetic exchange (0 to —20K), allowing for detailed
study in many regimes of the magnetic phase diagram as a function of both applied field
and temperature [4].

In the design of such low-dimensional systems, it is common to use capping ligands to
limit the available coordination sites at the metal ion. We have worked with a wide
variety of substituted pyridines, both as ligands and counterions (in their protonated
form), and examined the use of 2,3-dihydroxy pyridine for that purpose. As with most
of the 2-hydroxypyridine compounds, an equilibrium exists between the 2-hydro-
xypyridine and 2-pyridone tautomers (scheme 1).

Although in either form the complex can readily chelate a metal ion between the
oxygen atoms, structures containing this moiety are limited. A number of complexes
(especially Ru and Ir) have been reported where the compound is in its dianionic form
and chelates one metal ion through the oxygen atoms while bridging to a second via the
pyridine nitrogen [5]. Similarly, a number of complexes using the oxygen atoms to
chelate a metal, where the pyridine nitrogen has been alkylated, have also been reported
[6]. Few structures of metal complexes of the protonated pyridone form have been
reported where oxygen atoms chelate the metal. These include complexes of zinc [7], tin
[8], molybdenum [9], iron [10], rhenium [11], and chromium [12]. The only previously
reported structures for chelated copper-containing species are all N-alkylated [6¢]. Our
initial design envisioned coordination of the dianionic form of 2,3-dihydroxypyridine to
block a pair of cis-coordination sites on the Cu-ion generating a neutral complex, which
could then provide a building block to produce a number of possible lattices through
bridging pyrazine ligands. We report here the synthesis, structure, and magnetic
properties of the first member of this family, bis(aqua(3-oxy-2-pyridono)copper(Il))u-
pyrazine diperchlorate (1).

2. Experimental

Copper(II) perchlorate hexahydrate was purchased from Aesar. Organic chemicals were
purchased from Aldrich Chemical Co. All were used without purification. IR spectra
were recorded as KBr pellets on a PE Spectrum 100. X-Ray powder diffraction
measurements were made on a Bruker AXS-D8 X-ray powder diffractometer.
Combustion analyses were performed by the Analytical Lab, Marine Science
Institute, University of California, Santa Barbara, CA 93106-6150, USA.

2.1. Bis(aqua(3-oxy-2-pyridono)copper(Il) )-p-pyrazine diperchlorate (1)

A solution of Cu(ClOy),-6H,0 (1.85g, 5.00 mmol) in 5.0 mL of 50% methanol/water
was added to a solution of 2,3-dihydroxypyridine (0.444 g, 4.00 mmol) in 40.0 mL of

N OH IT] 0)
H

Scheme 1. 2-Hydroxypyridine and 2-pyridone forms of 2,3-dihydroxypyridine.
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50% methanol/water. To this, a solution of pyrazine (0.16g, 2.0 mmol) in 5.0mL of
50% (methanol/water) was added dropwise with stirring. This solution was gently
heated with stirring for 20 min. The resulting green solution was partially covered and
allowed to evaporate slowly at room temperature for 5 days by which time green
crystals had grown. The crystals were harvested through suction filtration, washed with
3mL of cold 50% methanol/water, and then with 30mL of acetone. The green
crystals were left to dry overnight to yield 0.35g (26%). No attempt was made to
maximize the yield. CHN Calcd for C14H;sN404Cl,Cu, (Found) (%): C 25.39 (25.81);
H 243 (2.74); N 8.46 (8.68). IR (KBr): 3443m/3253m (vO-H) 3121m/3005w/
2932m(vN-H, C-H) 1618s (vC=0), 1552s (8N-H), 1288s, 1137s/1105s/1078s/1052s
(vC1-0), 621 (80~Cl-O)cm ™.

2.2. Magnetic data

Magnetic susceptibility data were collected using a Quantum Design MPMS-XL
SQUID magnetometer. Isothermal magnetization at 1.8 K was collected in fields up to
5T; several data points were collected as the field was reduced back to zero to check for
hysteresis. None was observed. Temperature-dependent magnetization was collected in
a field of 0.1 T from 1.8 to 310K. Data were corrected for the sample holder, the
temperature-independent paramagnetism of Cu(Il), and diamagnetic contributions of
the constituent atoms [13].

2.3. Single-crystal X-ray diffraction data

Data collections were carried out on a Rigaku Saturn CCD area detector with graphite
monochromated Mo-Ka radiation. Data were collected and processed using
CrystalClear (Rigaku). The structures were solved by direct methods and refined via
the least-squares analysis using SHELX97-2 [14]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms bonded to carbon were refined using a riding model
with fixed isotropic U values. Hydrogen atoms bonded to nitrogen or oxygen were
located in the difference map and their positions allowed to refine with fixed isotropic U
values. Neutral atom scattering factors were taken from [15]. Anomalous dispersions
were those of Creagh and McAuley [16]. Crystallographic data are given in table 1,
selected bond lengths and angles are given in table 2, and hydrogen bond parameters
are given in table 3. The data for 1 have been deposited with the CCDC [17].
Comparison of X-ray powder diffraction data (Bruker D8 Advance) with the
crystallographic data of 1 established that the samples used for magnetic studies were
in the same phase as the single crystal.

3. Results and discussion

3.1. Synthesis and structure

Reaction of copper(Il) perchlorate with 2,3-dihydroxypyridine and pyrazine in an
aqueous solution led to the isolation of 1 as green prisms (scheme 2). Crystals
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Table 1. Crystal and experimental data for 1.

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)

Crystal system

Space group i
Unit cell dimensions (A, °)
a

b
¢
o
B

v .

Volume (A%), Z

Absorption coefficient (mm ™)
F(000)

Crystal size (mm?)

6 range for data collection (°)
Reflections collected
Independent reflections
Completeness to 6 =25.01 (%)
Absorption correction

Max. and min. transmission
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [/ > 20([)]

R indices (all data)

Largest difference peak and hole (e A’3)

C;HgCICuN,0O,
331.14

153(2)

0.71075
Triclinic

Pi

5.654(3)

7.108(4)

13.953(7)

77.54(2)

82.04(2)

79.72(2)

535.8(5), 2

2.318

332

0.34 x0.23 x 0.23
3.05-25.01

3565

1786 [R(int) =0.0354]
94.2

Numerical

0.6177 and 0.5062
1786/1/172

1.069

R, =0.0462, wR,=0.1266
R, =0.0464, wR,=0.1268
0.934 and —1.109

Table 2. Bond lengths (A) and angles (°) for 1.

Cul-O11 1.975(3) 0O11-Cul-0O12 85.09(10)
Cul-012 1.931(3) 011-Cul-01S8 92.48(11)
Cul-O1S 1.966(3) O11-Cul-NI1 173.92(10)
Cul-Nl1 2.006(3) 012-Cul-0O1S8 176.54(10)
Cul-0O1 2553(4) 012-Cul-N1 90.10(11)
Cul-04 (x, y—1, z) 2.476(4) 0O1S-Cul-N1 92.17(12)
Table 3. Hydrogen bonds for 1 (A and °).
D-H---A d(D-H) dH---A) dD---A) /(DHA)
O(1S)-H(1A)---0(2)* 0.787(19) 2.09(3) 2.807(4)
O(1S)-H(1B)- - -0(12)¢ 0.79(5) 1.84(5) 2.623(4)
N(11)-H(11)---0(11)® 0.79(5) 2.11(5) 2.879(4)

Symmetry transformations used to generate equivalent atoms: Acxy4 1,z P=—x, —p 4224 1;

Cx— Ly,z.

3067

suitable for single-crystal X-ray diffraction were isolated directly from the reaction

mixture.

The compound crystallizes in the triclinic space group Pi. The molecular unit is
shown in figure 1. The pyrazine ring sits athwart a crystallographic inversion center and
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H
OH N W N
@ + @ + Cu(CO4): it I ‘ Cu—N N—CU\ ‘ (C104),
N~ TOH NN MeOH o’ OHz 0

Scheme 2. Synthesis of 1.

Figure 1. A thermal ellipsoid plot (50% probability ellipsoids) of the molecular unit of 1. Only the molecular
unit and those hydrogen atoms which positions were refined are labeled. Symmetry operation B: x, y— 1, z

links the two [H,O(2,3-OpyH)Cu] units into a dimer [2,3-OpyH = 3-oxy-2-pyridono].
The geometry about copper is best described as Jahn—Teller distorted octahedral. Each
Cu(II) is chelated by one 2,3-OpyH moiety and bonded to one pyrazine, with the fourth
equatorial position occupied by water. The mean deviation of the Cul and equatorial
substituents is 0.018 A from the equatorial plane. Cul shows the greatest deviation
from the mean plane and is lifted above the plane by 0.044 A, similar to what is
observed in a square pyramidal structure. The pyrazine ring is canted 34.6(1)° relative
to the equatorial coordination plane while the pyridine ring is tipped 16.0(1)° below that
plane, away from Cu(Il).

The 2-hydroxypyridine ring is in the pyridone tautomer (N-H form, H11 was located
in the electron density difference map) with the 3-hydroxy group deprotonated to
generate a (—1) anion. The Cu(II) coordination sphere is completed by two inequivalent
long interactions to perchlorate ions that bridge the dimers into ladders which run
parallel to the b-axis (figure 2). Cu(Il) is displaced from the mean equatorial plane
toward O4 to give two Cu-perchlorate contact distances of 2.476(4) and 2.553(4) A. The
perchlorate oxygen atoms are located in the axial sites completing the 4 +2 geometry
with Cu—O bonds that deviate only slightly from the normal to the mean equatorial
plane [O1, 1.9(1)°; O4, 6.2(1)°].

The ladders are interleaved via -stacking interactions parallel to the b-axis (figure 3).
The pyridine rings are parallel (being related by an inversion center) with a distance of
3.30(1)A between their mean planes and a slip angle of 16.1(2)° between the line
connecting the ring centroids and the ring planes. The ladders are further
interconnected via a pair of hydrogen bonds that link the 2,3-OpyH rings into
inversion-related dimers (dni1...0118=2.879(4) A, see figures 3 and 4, and table 3).
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Figure 2. Ladder structure produced by the bridging perchlorate ions in 1. Symmetry operations, A: x, y, z;
B:x,y+1,z

Figure 3. Packing of 1 viewed parallel to the b-axis showing the arrangement of ladders in the lattice.
Dashed lines represent hydrogen bonds; only hydrogen atoms involved in hydrogen bonds are shown.
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Figure 4. x(A) and x7(o) as a function of temperature for 1 from 1.8 to 310 K. The solid line shows the fit to
the strong-rung ladder model.

The packing is also stabilized by strong hydrogen bonds between the coordinated
water and phenoxy oxygen of the adjacent layer (dois...012 =2.623(4) A, dashed lines
in figure 3).

3.2. Magnetic behavior

Magnetic susceptibility data were collected as a function of temperature for 1 from 1.8
to 310 K and are presented in figures 4 and 5 [17]. The data exhibit a rounded maximum
at 0.038emuOe 'mol™" near 6.1K, below which the susceptibility drops rapidly
indicating antiferromagnetic interactions and a singlet ground state. The data were
fitted to several models for singlet ground state systems, including a dimer model (with
and without a Curie-Weiss correction to account for interdimer interactions), an
alternating chain model, and the strong-rung and weak-rung ladder models. The results
are shown in table 4. The expressions for the spin ladder and alternative chain
susceptibilities were based on simulations in which all exchange constants were
antiferromagnetic. We assume that they remain valid for sufficiently weak secondary
ferromagnetic interactions.

3.3. Discussion

Ladder formation via linking of the pyrazine-bridged dimers by perchlorates was
unexpected. Bridging perchlorates are quite common in Cu(II) chemistry in a capping
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Figure 5. Expansion of the x vs. T plot for 1 showing fits to the models for the strong-rung ladder, strong-
rail ladder, and dimer (with a Curie-Weiss correction).

Table 4. Fitted susceptibility data for 1.

Model C (emuK mol~'Oe™") 2J; (K) 2.J, or 6 (K) % Imp RrR?

Dimer 0.454(1) —9.72(3) 0.46(8) 0.9952
Dimer with C-W 0.437(2) —10.9(2) +0.97(12) 0.20(8) 0.9998
Strong-rung ladder 0.439(1) —9.89(2) +1.32(8) 1.7Q2) 0.9998
Alternating chain 0.442(1) —8.01(1) +3.53(2) 0.03(2) 0.9999

mode (bridging across oxide or hydroxide bridged Cu(II) ions), either in bidentate [18§]
or tridentate fashion [19]. The bidentate-bridging mode between copper species is also
observed in the u-1,3 mode both intra- [20] and inter-molecularly [21] as well as
in an example of a complex where perchlorates are both bridging and tri-capping [22].
u-1,3-Bridging is also observed to generate chain structures [23] similar to one rail of
the current compound. Bis-u-1,3-bridging, similar to the linking of the pyrazine bridged
dimer in 1, has also been observed, but only a tetracopper species was generated; an
extended coordination polymer was not formed [24]. Thus, the present ladder structure
generated by the bridging perchlorates appears to be unique.

Magnetic data for 1 clearly indicate that a two-parameter model is necessary to
provide a good fit to the data; however, as is often the case for systems with singlet
ground states, which model is appropriate is not obvious. One may assume that the
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primary magnetic exchange occurs through the bridging pyrazine moiety, and the
exchange strength of approximately —10K is in good agreement with the previous
reports for pyrazine exchange in both 1-D and 2-D systems [4, 25]. The secondary
pathway (or pathways) is not clear. There are four potential secondary superexchange
pathways apparent from the crystal structure. The perchlorate bridges provide obvious
support for a strong-rung ladder model and the perchlorate has been implicated in
magnetic exchange previously [26]. One of the hydrogen-bonding pathways
(O1S--:012) also generates a ladder-structure, but parallel to the @-axis and would
generate an identical magnetic model. The pairwise hydrogen-bonding interactions
between N11---O11 link the dimers together nearly parallel to the c-axis to generate an
alternating chain structure that has a susceptibility qualitatively similar to that of a
strong-rung ladder. Finally, the w-stacking interactions link the dimers together provide
a 2-D-layer network, again requiring a second exchange parameter to appropriately
model the magnetic lattice.

We have reported the preparation, analysis, and magnetic behavior of the complex
bis(aqua(3-oxy-2-pyridono)copper(Il))u-pyrazine diperchlorate (1). The compound
exhibits a singlet magnetic ground state and the structure provides a number of
possible explanations for the magnetic superexchange, but the pathways cannot be
unambiguously assigned based upon susceptibility data alone. Theoretical calculations
and field-dependent heat capacity measurements are planned to provide additional
information regarding exchange in this complex; synthesis of additional members of the
family is in progress.

Supplementary material

CCDC 874709 (1) contains the supplementary crystallographic data for this article.
These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/
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