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Control of Structure and Magnetic Interaction Through Ligand Design:
One-Dimensional Complexes from Ferromagnetic to Antiferromagnetic
Coupling
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Four unsymmetrical pyrazine- and/or 4-picoline-modulated
N,N'-bis(a-pyridyl)-2,6-diaminopyridine ligands (PMNJ5)
were synthesized and their 1D copper(Il) complexes studied.
When pyrazine is a terminal ring, the ligands showed in-
plane and out-of-plane coordination modes and led to a one-
dimensional zigzag chain polymer. The orthogonal overlap
of orbitals through a bridging pyrazine ring resulted in ferro-

magnetic interaction. Middle-ring pyrazine-modulated li-
gands resulted in straight one-dimensional compounds and
had antiferromagnetic coupling. The EPR spectra of the com-
pounds showed significant covalency in the Cu-N bonds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

One-dimensional complexes have been a very active area
in magnetic research over the past several decades because
they play an intermediate role between magnetic clusters
with high nuclearity and three-dimensional networks. Re-
search on the magnetic coupling mechanism of complexes
with chain structure has led to an understanding of long-
range magnetic ordering and the production of molecular-
based magnets. Nitrogen-heterocyclic ligands have proved
to be extremely versatile, with the ability to build extended
networks with different coordinate modes and the ability to
mediate significant magnetic interactions between paramag-
netic centers separated by more than 6 A.l!]

Self-assembly and crystal engineering have been a much
discussed topic in recent decades. Oligo-a-pyridyl/pyrazyl-
amino ligands are well known for their use in extended metal
atom chain complexes (EMACs).[?l Recently we developed
a series of pyrazine-modulated oligo-a-pyridylamino li-
gands and studied their EMACs.B! Furthermore, self-as-
sembly of multidentate pyrazine-modulated oligo-a-pyr-
idylamino ligands with transition metals revealed versatile
ligands and yielded coordination compounds from mono-
nuclear and dinuclear complexes to 1D and high-dimension
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coordination polymers. Our previous research showed
that antiferromagnetic coupling was observed in straight
1D complexes through both ¢ and © superexchange path-
ways, whereas weak ferromagnetic coupling was found in
1D complexes with zigzag structures and 2D complexes.[*3]
We proposed that the ferromagnetic coupling mechanism is
due to the unusual in-plane and out-of-plane coordination
style of bridging pyrazine rings, making it possible to con-
trol magnetic interactions and the structures of the resulting
polymers through artful design of ligands. In this paper we
present our latest research in this area. Through the intro-
duction of pyrazine and/or 4-picoline rings instead of pyr-
idine rings in different positions, we obtained four new
modulated unsymmetrical N,N'-bis(a-pyridyl)-2,6-diami-
nopyridine ligands (PMNS3). Their 1D Cu'! complex struc-
tures, magnetic properties, and bond covalencies were
studied.

Results and Discussion

Syntheses and Structures

All ligands 1-4 were synthesized by a palladium-cata-
lyzed cross-coupling reaction (Scheme 1).[44]

Complexes 5-8 were synthesized by treating metal per-
chlorate and the corresponding ligands (1-4) in methanol.
The crystal structures of 5-8 are shown in Figures 1, 2, and
3 and Figure S1 (Supporting Information). Selected bond
lengths and angles are listed in Table 1. In all of the com-
plexes the nitrogen atoms of the amino groups are uncoor-
dinated to Cu'.
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Scheme 1.

Figure 1. ORTEP drawing of the zigzag chain of [Cu(p-mpypzda)(H,0)],(ClOy),, (5). Thermal ellipsoids are drawn at the 50% probability
level. The hydrogen atoms have been omitted for clarity.

Figure 2. ORTEP drawing of the chain structure of [Cu(p-mpzpyda)(H,0),],(ClOy),, (6). Thermal ellipsoids are drawn at the 30%
probability level. The hydrogen atoms have been omitted for clarity.

[Cu(p-mpypzda)(H,0)],(ClO,),, (5) is a one-dimensional  from a coordinated water molecule make up the equatorial
zigzag chain polymer, in which Cu' is in an elongated octa-  plane. A nitrogen atom [N(6)] of a pyrazine ring from an-
hedral coordination geometry. Three nitrogen atoms [N(1), other ligand is coordinated in one axial position, and a per-
N(3), and N(5)] from ligand 1 and one oxygen atom [O(1)] chlorate anion is weakly coordinated in the other [O(2)-
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Figure 3. ORTEP drawing of the chain structure of [Cu(p-pzpzda)(H,0),],,(ClOy),, (8). Thermal ellipsoids are drawn at the 50% prob-
ability level. The hydrogen atoms have been omitted for clarity.
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Figure 4. (a) ORTEP drawing of the 2D sheet of [Cu(u;-Hodpzpda)(NCS)],(ClOy), (9). Thermal ellipsoids are drawn at the 50% prob-
ability level. (b) Packing of the sheets of 9. The hydrogen atoms have been omitted for clarity.
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Table 1. Selected bond lengths [A] and angles [°] of compounds 5-9.

Eur]IC,

journal
of Inorgariic Chemistry

5
Cu(1)-N(1) 1.999(5) Cu(1)-N(3) 1.990(5)
Cu(1)-N(5) 1.980(5) Cu(1)-N(6A) 2.303(5)
Cu(1)-0(1) 2.033(5) Cu(1)-0(2) 2.574(5)
N(3)-Cu(1)-N(1) 90.1(2) N(5)-Cu(1)-N(1) 173.8(2)
N(5)-Cu(1)-N(3) 89.7(2) N(1)-Cu(1)-O(1) 90.45(19)
N(3)-Cu(1)-O(1) 174.12) N(5)-Cu(1)-O(1) 89.1(2)
N(1)-Cu(1)-N(6A)= 94.07(19) N(3)-Cu(1)-N(6A)= 95.41(18)
N(5)-Cu(1)-N(6A)@ 92.11(19) O(1)-Cu(1)-N(6A)! 90.39(19)
N(1)-Cu(1)-0(2) 85.38(18) N(3)-Cu(1)-0(2) 91.12(17)
N(5)-Cu(1)-0(2) 88.44(18) N(6A)-Cu(1)-0(2) 173.44(16)
O(1)-Cu(1)-0(2) 83.09(18)

6

Cu(1)-N(1) 1.976(5) Cu(1)-N(3) 1.989(6)
Cu(1)-0(1) 2.375(4) Cu(1)-N(4A)®! 2.106(6)
N(1A)<-Cu(1)-N(1) 176.9(3) N(1)-Cu(1)-N(3) 88.45(13)
N(1)-Cu(1)-N(4A)®! 91.55(13) N(3)-Cu(1)-N(4A)®! 180.0
N(1)-Cu(1)-O(1) 92.02) N(1)-Cu(1)-O(1A )l 88.1 (2)
N(3)-Cu(1)-O(1) 91.66(10) N(4A)PL-Cu(1)-0(1) 88.34(10)
N(3)-Cu(1)-O(1A)e 91.66(10) O(1A)-Cu(1)-O(1) 176.7(2)

7

Cu(1)-N(1) 1.974(8) Cu(1)-N(3) 1.995(9)
Cu(1)-N@4A) 2.027(10) Cu(1)-0(1) 2.398(7)
N(1)-Cu-N(1A) 179.3(4) N(1)-Cu-N(3) 89.7(2)
N(1)-Cu-N(4A)d! 90.3(2) N(3)-Cu-N(@4A) 180.000(1)
N(1)-Cu-O(1) 86.8(3) N(1)-Cu-O(1A)e 93.2(3)
N(3)-Cu-O(1) 89.70(16) N(@4A)H-Cu-0(1) 90.30(16)
O(1A)-Cu-O(1) 179.4(3)

8

Cu(1)-N(1) 1.993(5) Cu(1)-N(3) 2.002(6)
Cu(1)-N(5A)1 2.062(6) Cu(1)-0(1) 2.370(4)
N(1)-Cu(1)-N(1A)! 178.6(2) N(1)-Cu(1)-N(3) 89.32(12)
N(1)-Cu(1)-N(5A)1 90.68(12) N(3)-Cu(1)-N(5A)1 180.000(1)
N(1)-Cu(1)-O(1A )& 92.19(19) N(1A)E-Cu(1)-O(1) 87.80(19)
N(3)-Cu(1)-O(1) 89.56(10) N(A)Cu(1)-O(1) 90.44(10)
O(1)-Cu(1)-O(1A) 179.1(2)

9

Cu(1)-N(1) 2.015(3) Cu(1)-N(3) 2.017(3)
Cu(1)-N(5) 2.022(3) Cu(1)-N(13A)™ 2.517(4)
Cu(1)-N(14B)1l 2.419(3) Cu(1)-N(15) 1.962(4)
Cu(2)-N(6) 2.459(3) Cu(2)-N(7C)1! 2.538(4)
Cu(2)-N(8) 2.021(3) Cu(2)-N(10) 2.022(3)
Cu(2)-N(12) 2.015(3) Cu(2)-N(16) 1.954(4)
N(1)-Cu(1)-N(3) 88.29(13) N(1)-Cu(1)-N(5) 176.31(14)
N(1)-Cu(1)-N(13A)™ 90.91(13) N(1)-Cu(1)-N(14B)1 85.34(12)
N(1)-Cu(1)-N(15) 92.43(14) N(3)-Cu(1)-N(5) 88.46(14)
N(3)-Cu(1)-N(13A)™ 92.84(13) N(3)-Cu(1)-N(14B) 96.42(13)
N(3)-Cu(1)-N(15) 176.49(14) N(5)-Cu(1)-N(13A)™ 87.50(13)
N(5)-Cu(1)-N(14B) 96.76(13) N(5)-Cu(1)-N(15) 90.70(14)
N(6)-Cu(2)-N(7C)1! 172.43(13) N(6)-Cu(2)-N(8) 95.58(13)
N(6)-Cu(2)-N(10) 93.85(13) N(6)-Cu(2)-N(12) 86.39(12)
N(6)-Cu(2)-N(16) 87.88(14) N(7C)i-Cu(2)-N(8) 86.13(13)
N(7C)i-Cu(2)-N(10) 93.55(13) N(7C)i-Cu(2)-N(12) 92.12(13)
N(7C)i-Cu(2)-N(16) 84.73(14) N(8)-Cu(2)-N(10) 89.08(13)
N(8)-Cu(2)-N(12) 177.48(14) N(8)-Cu(2)-N(16) 90.41(14)
N(10)-Cu(2)-N(12) 89.22(13) N(10)-Cu(2)-N(16) 178.23(14)
N(12)-Cu(2)-N(16) 91.25(14)

Symmetry operation: [a] A = x, -y + 1/2, z+ 1/2. [b] A=x, -y, z+ 1/12. [c]A=-x+1/2, —~y, z. [d|A=x, -,z 12. [e] A = —x +
32,y z A =x,y+ 12,z - 12 [g] A= x+ 12,y + 12, z. [h]A=x, y - Lz [iJA=x+ Ly z [[JA=x-1y+ 1z
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Cu(2) distance 2.560(4) A]. Ligand 1 coordinates to Cu'! as
a tetradentate ligand, in which it embraces one Cu'' atom
with three nitrogen atoms, and bridges to another Cu'!
atom with a pyrazine ring. Thus, through the pyrazine ring
the coordination units are linked to an infinite 1D zigzag
chain (Cu---Cu--+Cu = 100.15°) (Figure 1). The most impor-
tant structural feature of S is the in-plane and out-of-plane
bonding style through the pyrazine rings, that is, a pyrazine
spacer bridges the two magnetic centers with one side coor-
dinated to an equatorial position of Cu'! and another side
coordinated to an axial position of another Cu'l. The
Cu-Cu distance is 6.998 A. Hydrogen bonds between
amino groups, perchlorate anions, water molecules, and
ethyl ether molecules are observed (Table 2).

Table 2.Distances [A] of hydrogen bonds in 5-9.

5
N2-H--06 2.912(6) N4-H--07 3.010(9)
0105 2.894(12)  O1--OIS(H,0)  2.613(9)
O1--02S(ether)  2.720(12)  05--OIS(H,0)  3.002(13)
6

N2-H--02 2937(10)  O1-H-03 3.004(10)
O1-H-04 3.029(6) O1-H-06 2.914(13)
7

N2-H--02 2.688(5) N2-H--03 2.963(14)
O1-H-+09 3.004(15)

8

N2 H-06 2915(10) Ol -H-03 2.843(15)
O1-H-04 2.855(16)  O1-H-O7 2.829(16)
9

N2-H--08 2.956(5) N4-H--06 2.830(5)
N9-H--02 2.960(6) N11-H--04 2.972(7)

[Cu(u-mpzpyda)(H,0),],(ClO4)2, (6), [Cu(p-mpzpzda)-
(H>O)(CH30H)],(ClO4)s, (7), and [Cu(pu-pzpzda)(H,0),],-
(ClOy4),, (8) exhibit similar one-dimensional straight-chain
polymeric structures. A C, axis runs along the molecular
chain, which extends parallel to the ¢ axis. The occupancy

N
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N" NN NN
H H

N Ny

[li

1D stralght N N

Scheme 2. PMNS5 ligands and structures of resultant Cu'' complexes.!
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of C(8) in 6, C(9), N(5), C(3), and C(8) in 7, and C(3) and
N(4) in 8 is 0.5, and all these atoms are in general positions.
In each of the compounds, Cu'! is six-coordinate and un-
dergoes an elongated Jahn-Teller distortion with an equato-
rial plane constructed through four nitrogen atoms and the
axial positions occupied by two weakly coordinated oxygen
atoms in water or methanol molecules. Ligands are coordi-
nated to Cu'l in the same way as in complex 5. However,
both of the nitrogen atoms in one pyrazine ring are coordi-
nated to Cu'! in equatorial positions. The molecular chain
is straight, which is the favorite structure for Cu'' complexes
of PMNS5 with pyrazine as the middle ring of the ligand.
The Cu--Cu distance is 6.847 A for 6, and 6.831 A for 7
and 8. There is no solvent molecule crystallized in the cell.
Extensive hydrogen bonds between amino groups, perchlo-
rate anions, and water molecules are observed in 6, 7, and
8 (Table 2), resulting in 3D networks of 6 and 8. There was,
however, no interchain hydrogen bond in 7.

Complex [Cu(ps-H>dpzpda)(NCS)],(ClOy), (9) was de-
signed to provide another example of in-plane and out-of-
plane bridging style through the pyrazine rings. Complex 9
was obtained simply from the addition of NaNCS to the
solution containing the 2D compound [Cu,(u3-H->dpzpda),-
(H50),],(ClO4),4,,.1%1 After the reaction, the water molecule
was substituted by a NCS™ anion that had the cationic
[2X2] grid structure remaining intact. The sulfur atom in
the thiocyanate anion is disordered on two positions, and
the probability is 0.25 for one sulfur atom and 0.75 for an-
other. Both independent Cu'! units in 9 were six-coordinate
with an elongated octahedral geometry (Figure4). The
average distance was 2.004(4) A for in-plane Cu—N bonds,
and 2.483(3) A for out-of-plane Cu—N bonds. The angle be-
tween coordination equatorial planes around Cu(l) and
Cu(2) was 80.7°. The Jahn-Teller distortion was stronger
than in the initial complex [Cu,(ps3-H->dpzpda),(H-0),],-
(ClO4)4,,. The average Cu-+Cu distance was 7.209 A. The
molecular grid deviated considerably from orthogonal, with
a Cul-Cu2-Cul angle of 102.65° and a Cu2-Cul-Cu2 angle
of 77.35°. Extensive hydrogen bonds exist (Table 2), whereas
no linkage between the 2D layers of 9 was observed.

N

N

R >, 1”1 LNJ —81 1“1 ™
L[:D\NQNLN

N N N N

)
J

N

4a)
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From pyrazine- and picoline-modulated PMNS5 ligands
and the structures of their Cu'' complexes,*¥ the following
conclusions can be drawn (Scheme 2): (1) The introduction
of a methyl group leads to unsymmetrical ligands and thus
modifies the electronic distribution of the ligands. However,
the structure of Cu'' complexes depends mainly on the site
of the pyrazine ring. Middle-ring pyrazine-modulated li-
gands result in straight one-dimensional compounds. When
the pyrazine-modulated site is a terminal ring, a one-dimen-
sional zigzag chain polymer results. (2) Methyl groups con-
tribute little to the construction of the Cu'' complex poly-
mer structures. I[sostructures of complexes were obtained by
using mpypzda (1), and N-(pyrazin-2-yl)-N’'-(pyridin-2-yl)-
pyridine-2,6-diamine (H,pzppda) ligands. (3) When ligands
have more than one pyrazine ring, a 1D straight chain is
the favorable structure for copper(Il) complexes; however,
2D and 3D structures are also possible. Both ligands 3 and
4 resulted in 1D straight-chain complexes (7 and 8) rather
than 1D zigzag or 2D structures.

Magnetic Properties

The magnetic susceptibility of complexes 5, 7, 8, and 9
was measured in the range 2-300 K and of complex 6 in
the range 5-300 K. The u.¢ values of all complexes at room
temperature (300 K) were slightly higher than the expected
spin-only value for noninteracting Cu' (1.73 ug) and
ranged from 1.78 to 1.87 ug. The magnetic behaviors of 6,
7, and 8 are similar, showing typical antiferromagnetic
coupling. The . values decreased slowly as the tempera-
ture was lowered, and then declined abruptly below 50 K.
Therefore, the temperature dependence of the magnetic
susceptibility of 6-8 was modeled by using a theoretical ex-
pression deduced from the spin Hamiltonian H = -2

JXS:S; (S = 1/2),5) and modified to include an amount of
ij
uncoupled species, p (Figures 5, S2, and S3).

0.030
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0.020

0.015+

%,/ em’mol™

0.010+

0.005 +

0.000

150 200 250 300
TIK

0 50 100

Figure 5. Temperature dependence of the magnetic moment s (O)
and the molar susceptibility yy; (CJ) for 7. Solid lines represent
least-squares fit obtained by using the antiferromagnetic 1D Hei-
senberg model.

Eur. J. Inorg. Chem. 2008, 312-321

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

The results of least-squares fitting of experimental data
are very close to each other, with g values in the range 2.11-
2.17 and J values in the range —2.60 to —3.31 cm™!, as shown
in Table 3. The results are similar to those of analogous
complexes previously reported and consistent with the sys-
tem in which the interaction was intermediated through
both ¢ and m pathways.['#:4.6]

Table 3. Magnetic data for complexes 5-9.

Complex g J [em™] p Fal

5 2.07 0.12 0 2.3%X107
6 2.12 -2.60 0.033 1.4x107
7 2.17 -3.31 0.017 5.5X 107
8 2.11 -2.66 0.052 1.9%10°
9 2.09 0.11 0 45X%10°

[a] F is defined as Z(/{l exp)71(1i exp Xi theo)24

A maximum magnetic susceptibility was observed at 5 K
for compound 7, which is typical of an infinite one-dimen-
sional Heisenberg system with negative J values and defined
theoretically by:

kT ol = 1.282

The fitting result is in accordance with this formula.

The molecular magnetic moments of 5 showed a slight
increase as the temperature decreased, reaching a maximum
at 90 K, and then decreasing to 1.73 up at 2 K. The mag-
netic behavior is similar to that observed in the 1D zigzag
complex [Cu(p-H,pzppda)(H,0)],(ClOy),, previously re-
ported.*al We found the magnetism of this system to be in
accordance with a result of cooperation of a weak ferro-
magnetic coupling with an interchain antiferromagnetic in-
teraction. The experimental data were fitted by using the
ferromagnetic chain model (H = -2J>,S,S;+;) including an

1
interchain antiferromagnetic interaction interpreted as 6
[Equation (1)].[7]

1 = Ng2B*(AIB)y?314 K(T - 0) (1)

in which 4 = 1.0 + 57979916y + 16.902653)% +
29.376885y° + 29.832959y* + 14.036918y°, B = 1.0 +
2.7979916y + 7.0086780y% + 8.6538644)° + 4.5743114)%,
and y = 2|J|/kT.

The result excellently matched the experimental data re-
sult of g =2.07, J = 0.12cm ™!, and 0 = —0.82 K (Figure 6).

Complex 9 showed similar magnetic behavior to that of
5. The magnetic data of 9 were approximately analyzed with
a theoretical expression for a one-dimensional S = 1/2 sys-
tem. The experimental result was in excellent agreement
with the theoretical analysis, resulting in g = 2.09, J =
0.11 cm™, and 0 = —0.65 K (Figure 7).8!

The magnetic results of 5 and 9 are very similar to that
of our previously reported complexes, [Cu(pu-H,pzppda)-
(H20)]1(ClOy),, and [Cuy(ps-Hodpzpda)r(H,0),],(ClO4)4,
{Hopzppda = (N-pyrazin-2-yl)(N'-pyridin-2-yl)pyridine-
2,6-diamine, H,dpzpda = N,N’-bis(pyrazin-2-yl)pyridine-
2,6-diamine}.*3l We postulated that the unusual ferromag-
netic interaction resulted from orthogonal overlap of mag-
netic orbitals between two adjacent Cu'' centers through

www.eurjic.org 317
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Figure 6. Temperature dependence of the magnetic moment g (O)
and the molar susceptibility yy (O) for 5. Solid lines represent
least-squares fit obtained by using Equation (1).
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Figure 7. Temperature dependence of the magnetic moment ggr (O)
and the molar susceptibility yp (OJ) for 9. Solid lines represent
least-squares fit by using Equation (1).

the pyrazine bridge and the resultant unique in-plane and
out-of-plane coordination mode of the bridging pyrazine
ring. As described above, orthogonal overlap of magnetic
orbitals was observed for both 5 and 9, and the results sup-
port this ferromagnetic coupling mechanism despite the
electron density on d.. being low because of the elongated
Jahn-Teller distortion and the magnetic coupling being
weak.

EPR Spectroscopy

X-band EPR spectra of complexes 5-8 in methanol solu-
tion at room temperature and at 77 K showed typical axial
patterns of the Cu!' compounds. All the spectra were sim-
ilar and showed well-resolved hyperfine structures resulting
from the ®*Cu and ®Cu paramagnetic isotopes (both I =
3/2), which may be due to the effective magnetic dilution
resulting from the polymer structure, in which Cu'® centers
were separated by about 7 A from each other by a bridging
pyrazine (Figure 8). For complexes 5-8, three hyperfine
lines in the parallel region were observed and the fourth
was overlapped with a perpendicular line, yielding gj = 2.27,

318 www.eurjic.org
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g1 =206, <g> =213, 4" = 150X 10*cm™!, 4,“* =
7.5x10%cm™!, and A4° = 55X 10“*cm™! [calculated from
the expression: A° = (24, + A))/3]. The resulting g > g,
> g.and |4, | << |4 = (120-200) X 10 *cm ! indicated a
d,> ,» ground state and agreed with the X-ray structures of
an elongated octahedral coordination geometry for the Cu'!
ion. The spectra at 77 K showed clear N superhyperfine
lines (I = 1), yielding 4N = 17.8x10*cm ' and 4 N =
7.5%10*cm'. The split resulting from four equivalent ni-
trogen atoms theoretically produces nine lines. The superhy-
perfine coupling (shfs) strongly suggests a large amount of
electronic delocalization from the d orbitals onto the li-
gands.’

()

2600 2800 3000 3200 3400 3600
H/G

Figure 8. (a) EPR spectrum observed for 5 in methanol solution at
77 K; (b) the simulated line shape spectrum for (a).

The g value expressions including orbital reduction coef-
ficients k are:°®!

g = 2.002 — 82k E*Bay(xy)] @)
g, = 2.002 — 243 /EPE,(xz.y7)] Q)

where A represents the spin-orbital coupling constant (4 =
—830cm ! for the free Cu' ion), and E[*By,(xy)] and
E[?Eq(xz,yz)] are the energies of the two excited states rela-
tive to the *By4(x* — y?) ground state corresponding to elon-
gated forms from the Jahn—Teller distortion. The individual
excited state energies lie very close to each other and cannot
be resolved in the electronic spectrum. Substitution of the
observed excited state energies E[*B,g(xy)] = E[*Eg(xz,y2)]
into Equations (2) and (3) yields the estimates kj = 0.78-
0.80 and k, = 0.74-0.76. The delocalization of the unpaired
electron onto the ligands is in a reasonable range 22-26 %,
and implies the substantial covalency of the Cu—N bonds
(Table 4).1°4]

Table 4. EPR data and bond parameters for complexes 5-8.

Compound g g E[cm ] Ky k.,

5 2.268 2.062 15267 0.782 0.743
6 2.270 2.062 15198 0.783 0.741
7 2.273 2.062 15823 0.804 0.756
8 2.272 2.062 15314 0.789 0.744

Eur. J. Inorg. Chem. 2008, 312-321



Control of Structure and Magnetic Interaction Through Ligand Design

Expressions for the hyperfine parameters of complexes
of tetragonal symmetry with a single unpaired electron in
the d,» » or d,, orbital are:"!

Ay = P(4a’lT - Ka* + 30g,/7 + 3dg)) @
A, = P(20?7 - Ka? + 110g ,/14) ©)

where P represents the basic interaction between the elec-
tron spin and the nuclear magnetic moments and has the
approximate value 0.063 cm™' for Cu'l, factor K describes
the isotropic hyperfine contribution owing to unpaired elec-
tron spin density in s orbitals, a2 is the fractional unpaired
spin density on the metal, and 0 is the observed g shift dg,
=g, — g and dg| = g — g.. Substituting the values g, =
0.060 and ég = 0.270 into Equations (4) and (5) yields the
estimates K = 0.32 and a” = 0.80. The values are consistent
with the reference results and the fractional unpaired spin
density on the metal agrees well with that suggested by the
orbital reduction coefficients k (kj = 0.78 and k, = 0.74).)

Conclusions

In this work we present four new unsymmetrical, pyr-
azine- and/or picoline-modulated PMNS [N,N'-bis(a-pyr-
idyl)-2,6-diaminopyridine ligands] ligands. This set of li-
gands afforded 1D structure coordination polymers in the
reactions with Cu'!. Methyl groups contribute little to the
construction of the Cu'f complex polymer structures. When
pyrazine was a terminal ring, the ligands showed in-plane
and out-of-plane coordination modes and led to a one-di-
mensional zigzag chain polymer, which resulted in the or-
thogonal overlap of magnetic orbitals. Middle ring pyr-
azine-modulated ligands usually resulted in straight one-di-
mensional compounds, and they exhibited antiferromag-
netic coupling. The orthogonal overlap of orbitals through
the bridging pyrazine ring resulted in ferromagnetic interac-
tion, which is depleted from Jahn-Teller distortion. The
EPR spectra of the compounds showed significant co-
valency in the Cu—N bonds.

Experimental Section

Materials: All reagents and solvents were obtained from commer-
cial sources and were used without further purification unless
otherwise  noted.  N,N’-Bis(pyrazin-2-yl)pyridine-2,6-diamine
(H,dpzpda) was synthesized according to a previous procedure.[3]
The preparation of starting materials N-(6-bromopyridin-2-yl)pyr-
azin-2-amine, 6-chloro-N-(pyridin-2-yl)pyrazin-2-amine, and N-(6-
chloropyrazin-2-yl)pyrazin-2-amine is provided in the Supporting
Information.

Caution! Perchlorate salts are potentially explosive and should only
be used in small quantities and handled with the necessary pre-
cautions.

Physical Measurements: Absorption spectra were recorded with a
Hewlett Packard Model 8453 spectrophotometer. IR spectra were
performed from KBr pellets with a Perkin—Elmer FTIR Spectrome-
ter PARAGON 1000 in the range 400-4000 cm™!. FAB-MS mass
spectra were obtained with a JEOL JMS-700 HF double focusing
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spectrometer operating in the positive-ion detection mode. Molar
magnetic susceptibility was recorded with a SQUID system with
2000 GAUSS external magnetic field. X-band EPR spectra were
recorded with a Bruker E500 spectrometer equipped with a Bruker
TE102 cavity. Sample temperature at 77 K was maintained using a
finger Dewar filled with liquid nitrogen.

N?-(4-Methylpyridin-2-yl)-/N®-(pyrazin-2-yl)pyridine-2,6-diamine
(mpypzda) (1): The reaction of N-(6-bromopyridin-2-yl)pyrazin-2-
amine (5.02 g, 0.02 mol) and 2-amino-4-picoline (2.592 g,
0.024 mol) in the presence of Pd,(dba); (0.366 g, 2 mol-%), BINAP
(0.498 g, 4 mol-%), and tBuONa (3.267 g, 0.034 mol) in benzene
(100 mL) under an atmosphere of argon for 48 h gave a crude prod-
uct of 1. Purification by column chromatography over silica gel
with dichloromethane/acetone (7:3) as eluent gave colorless crystals
of 1 after evaporation. Yield: 4.05 g, 73%; m.p. 209 °C. IR (KBr):
v = 3272, 3196 (m), 3046 (m), 1610 (m), 1562 (m), 1553 (m), 1524
(m), 1422 (s), 1390 (s), 1348 (m), 1322 (m), 1301 (m), 1280 (m),
1195 (w), 1156 (m), 1033 (w), 1004 (w), 992 (w), 876 (w), 814 (m),
793 (m), 523 (m), 447 (w), 413 (w) em™'. UV/Vis (CH;0H): 4 (¢,
dm3mol 'cm ') =206 (1.65%x10%), 228 (9.55 X 10%), 262
(2.34X10%), 275 (2.42 X 10%), 344 (1.60 X 10*) nm. '"H NMR
[400 MHz, (CD5),SO, 25°C]: 6 =9.73 (s, 1 H, -NH), 9.42 (s, | H,
-NH), 9.34-9.33 (m, 1 H, Ar-H), 8.22 (s, 1 H, Ar-H), 8.08-8.06 (m,
2 H, Ar-H), 7.56-7.51 (m, 2 H, Ar-H), 7.27-7.24 (m, 1 H, Ar-H),
6.94-6.92 (m, 1 H, Ar-H), 6.70 (s, 1 H, Ar-H), 2.26 (s, 3 H, -CHz)
ppm. C;sH4Ng (278.32): caled. C 64.73, H 5.07, N 30.20; found C
64.65, H 4.99, N 29.85.

N?-(4-Methylpyridin-2-yl)- N°-(pyridin-2-yl)pyrazine-2,6-diamine
(mpzpyda) (2): The preparation process for 2 was similar to that
of 1 except that 6-chloro-N-(pyridin-2-yl)pyrazin-2-amine (4.12 g,
0.02 mol) was used instead of N-(6-bromopyridin-2-yl)pyrazin-2-
amine, the reaction time was 72 h, and dichloromethane/acetone
(3:2) was used as eluent for column chromatography. Yield: 3.60 g,
65%; m.p. 180 °C. IR (KBr): ¥ = 3265 (m), 3159 (m), 3052 (m),
1614 (m), 1515 (m), 1490 (m), 1434 (s), 1404 (m), 1338 (m), 1315
(m), 1289 (m), 1169 (s), 1144 (m), 1052 (w), 992 (m), 956 (w), 831
(w), 770 (m), 733 (w), 668 (w), 618 (W), 522 (w), 470 (w), 450 (w)
cm . UV/Vis (CH50H): 4 (¢, dm*mol 'em ™) = 206 (1.59 X 10%),
261 (2.60 X 10%), 272 (2.45x 10%), 359 (2.01 X 10*) nm. '"H NMR
[400 MHz, (CD;),SO, 25°C]: 6 = 9.74 (s, 1 H, -NH), 9.64 (d, J =
2.65Hz, 1 H, -NH), 8.42-8.41 (d, J = 3.24 Hz, | H, Ar-H), 8.34-
8.33(d, J =3.22 Hz, | H, Ar-H), 8.27 (s, 1 H, Ar-H), 8.13-8.11 (t,
J=397Hz, 1 H, Ar-H), 7.89-7.86 (m, 1 H, Ar-H), 7.72-7.69 (m,
1 H, Ar-H), 7.61 (s, | H, Ar-H), 6.95-6.91 (m, 1 H, Ar-H), 6.77 (s,
1 H, Ar-H), 2.29 (s, 3 H, -CH3) ppm. C;sH4Nj (278.32): caled. C
64.73, H 5.07, N 30.20; found C 64.64, H 5.19, N 30.14.

N?-(4-Methylpyridin-2-yl)-/N®-(pyrazin-2-yl)pyrazine-2,6-diamine
(mpzpzda) (3): The preparation process for 3 was similar to that
of 1 except that N-(6-chloropyrazin-2-yl)pyrazin-2-amine (4.15 g,
0.02 mol) was used instead of N-(6-bromopyridin-2-yl)pyrazin-2-
amine, the reaction time was 72 h, and dichloromethane/acetone
(1:1) was used as eluent for column chromatography. Yield: 3.46 g,
62%; m.p. 235°C. IR (KBr): ¥ = 3270 (m), 3152 (m), 3056 (m),
3004 (m), 1619 (m), 1603 (m), 1518 (m), 1492 (m), 1421 (s), 1328
(m), 1312 (m), 1251 (w), 1197 (m), 1167 (s), 1076 (w), 1010 (m),
996 (m), 876 (w), 817 (m), 470 (w), 420 (w) cm'. UV/Vis (CH;0H):
2 (e, dm3moltem™!) = 204 (1.69 X 10%), 260 (2.82 X 10%), 274
(2.77 X 10%), 366 (2.46 X 10*) nm. 'H NMR [400 MHz, (CD3),SO,
25°C]: 6 = 10.08 (s, 1 H, -NH), 9.76 (s, 1 H, -NH), 9.29 (d, J =
1.36 Hz, 1 H, Ar-H), 8.56 (s, 1 H, Ar-H), 8.30-8.29 (m, 1 H, Ar-
H), 8.26 (s, 1 H, Ar-H), 8.17-8.16 (d, J = 2.59 Hz, 1 H, Ar-H),
8.14-8.12 (d, J = 5.10 Hz, 1 H, Ar-H), 7.50 (s, 1 H, Ar-H), 6.79-
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6.77 (d, J = 5.06 Hz, 1 H, Ar-H), 2.30 (s, 3 H, -CH3) ppm.
C14'5H]5N700.5 [3'05CH'§OH] (29533) caled. C 5897, H 512, N
33.20; found C 59.26, H 4.85, N 33.60.

N?~(Pyrazin-2-yl)-N°-(pyridin-2-yl)pyrazine-2,6-diamine  (pzpzda)
(4): The preparation process for 4 was similar to that of 1 except
that N-(6-chloropyrazin-2-yl)pyrazin-2-amine (4.15g, 0.02 mol)
and pyridine-2-amine (2.26 g, 0.024 mol) were used as starting ma-
terials and dichloromethane/acetone (1:1) was used as eluent for
column chromatography. Yield: 3.60 g, 68%; m.p. 271 °C. IR
(KBr): ¥ = 3395 (w), 3248 (m), 3100 (m), 3055 (m), 1610 (s), 1586
(m), 1530 (s), 1069 (m), 1482 (m), 1428 (s), 1346 (m), 1307 (m),
1240 (m), 1189 (m), 1162 (m), 1144 (m), 1076 (w), 1058 (w), 1006
(W), 990 (m), 860 (w), 834 (m), 764 (m), 729 (w), 474 (w), 418 (W)
cm!l. UV/Vis (DMF): 4 (e, dm*mol'em™') = 204 (6.70 X 10%), 262
(1.88 X 10%), 272 (1.82 X 10%), 362 (1.59 X 10%), 367 (1.54 X 10%) nm.
'"H NMR [400 MHz, (CD;),SO, 25°C]: 6 = 10.08 (s, 1 H, -NH),
9.85(s, 1 H, -NH), 9.21 (d, / = 1.45Hz, 1 H, Ar-H), 8.62 (s, 1 H,
Ar-H), 8.40 (s, 1 H, Ar-H), 8.29-8.27 (m, 2 H, Ar-H), 8.15(d, J =
2.6 Hz, 1 H, Ar-H), 7.70-7.69 (m, 2 H, Ar-H), 6.95-6.92 (m, 1 H,
Ar-H) ppm. Cy3H ;N5 (265.28): caled. C 58.86, H 4.18, N 36.96;
found C 58.49, H 4.25, N 36.88.

Preparation of Complexes 5-8: The preparation processes for com-
plexes 5-8 are very similar; hence, a general procedure is given for
5.

[Cu(p-mpypzda)(H,0)],,(ClOy4),, (5): A mixture of 1 (0.050 g,
0.18 mmol) and Cu(ClO4),*6H,0 (0.073 g, 0.20 mmol) in methanol
(30 mL) was stirred overnight. Then the solution was filtered to
remove insoluble impurities. Diffusing ether into the filtrate pro-
vided yellow-brown single crystals suitable for X-ray analysis.
Yield: 0.083 g, 80%. IR (KBr): ¥ = 3498 (m), 3320 (m), 3262 (m),
3210 (m), 3099 (m), 1651 (m), 1592 (m), 1572 (m), 1548 (m), 1514
(m), 1487 (m), 1452 (s), 1409 (w), 1360 (w), 1283 (w), 1222 (m),
1112 (s), 1089 (s), 1036 (m), 876 (w), 792 (m), 734 (w), 626 (m),
452 (w) em'. UV/Vis (CH;0H): 4 (¢, dm®*mol'ecm™!) = 221
(1.78 X 10%), 241 (1.75 X 10%), 259 (1.63 X 10%), 304 (1.47 X 10%), 322
(1.63x10%, 351 (1.07x10%, 469 (75.5), 655 (28.8) nm.
C;5H 3sCLCuNgO,o [5-H,0] (576.79): caled. C 31.24, H 3.14, N
14.57; found C 31.31, H 3.18, N 14.85.

Table 5. Crystal data for compounds 5-9.

[Cu(p-mpzpyda)(H,0),],(ClOy),, (6): Yield: 0.081 g, 76% on the
basis of 0.050 g of ligand. IR (KBr): ¥ = 3610 (m), 3474 (m), 3320
(m), 3207 (m), 3095 (m), 1652 (m), 1634 (m), 1580 (m), 1549 (m),
1565 (m), 1515 (m), 1576 (s), 1432 (m), 1400 (w), 1371 (w), 1349
(w), 1297 (w), 1241 (m), 1196 (m), 1177 (m), 1160 (m), 1094 (s),
1020 (m), 956 (w), 739 (m), 668 (m), 626 (m), 584 (w), 552 (w), 523
(m), 477 (m) cm™!. UV/Vis (CH;0H): 1 (e, dm3mol 'em™) = 209
(2.32 X 10%), 236 (1.70 X 10%), 258 (1.40 X 10%), 310 (1.58 X 10%), 375
(1.29 X 10%, 658 (47.0) nm. C,sH,,Cl,CuNgO;; [6-H,O] (594.81):
caled. C 30.29, H 3.39, N 14.13; found C 29.98, H 2.99, N 13.65.

[Cu(p-mpzpzda)(H,O0)(CH30H)],,(ClOy),, (7): Yield: 0.074 g, 68%
on the basis of 0.050 g of ligand. IR (KBr): ¥ = 3486 (m), 3315
(m), 3091 (m), 1651 (m), 1634 (m), 1547 (m), 1507 (m), 1483 (s),
1428 (m), 1404 (m), 1287 (w), 1241 (w), 1192 (m), 1146 (s), 1112
(s), 1086 (s), 941 (w), 836 (w), 740 (w), 637 (m), 626 (m), 460 (w),
424 (w) em!. UV/Vis (CH;0H): 4 (¢, dm’mol'ecm™) = 216
(2.45X10%), 241 (1.80 X 10%), 262 (1.70 X 10%), 304 (1.39 X 10%), 333
(1.39 X 10%, 380 (1.45x10%), 632 (50.6) nm. C,sH,,CLCuN;Oy,
[7-H,O0]: (609.82): caled. C 29.54, H 3.47, N 16.08; found C 29.31,
H 3.14, N 16.17.

[Cu(p-pzpzda)(H,0),],(Cl0y),, (8): Yield: 0.088 g, 78% based on
0.050 g of ligand. IR (KBr): ¥ = 3592 (m), 3474 (m), 3324 (m),
3099 (m), 1648 (m), 1626 (m), 1592 (m), 1563 (m), 1549 (m), 1509
(m), 1471 (s), 1366 (w), 1344 (w), 1291 (w), 1242 (w), 1196 (w),
1149 (w), 1100 (s), 930 (w), 883 (w), 849 (m), 782 (m), 623 (m), 522
(w), 448 (w) cm™!. UV/Vis (CH;0H): 4 (¢, dm*mol'cm ™) = 206
(1.80 X 10%), 241 (1.55 X 10%), 262 (1.47 X 10%), 309 (1.21 X 10%), 333
(1.24 X 10%, 379 (1.25%10%, 653 (30.0) nm. C;3H;oCl,CuN-O,,
[8-H,0] (599.78): calcd. C 26.03, H 3.19, N 16.35; found C 25.81,
H 3.07, N 16.10.

[Cu(ps-H,dpzpda)(NCS)],(Cl1O0y4),, (9): A mixture of H,dpzpda
(0.050 g, 0.19 mmol) and Cu(ClOy),-6H,O (0.139 g, 0.38 mmol) in
methanol (25 mL) was stirred for 1d. Then, NaNCS (0.016 g,
0.20 mmol) in methanol (25 mL) was added to the solution. After
stirring for 1 d, the solution was filtered to remove insoluble impu-
rities. Slow evaporation of the filtrate gave green crystals suitable
for X-ray diffraction. Yield: 0.11 g, 12% on the basis of H,dpzpda.
IR (KBr): ¥ = 3307 (w), 3242 (w), 3170 (w), 3107 (w), 2113 (s),

Compound 5-H,0-0.5C,HsOC,Hs 6 7 8 9

Formula C7H53ClL,CuNgOg 5 C,5H3Cl,CuNgOy C5sH;5ClL,CuN,0O;,  C;3H;5ClL,CuN,0O, C3H5,Cl,Cu, N 405S,
Formula mass 613.85 576.79 587.78 563.76 972.72

Crystal system monoclinic orthorhombic orthorhombic orthorhombic triclinic

Space group P2)/c Pcca Pcca Pccen PI

a[A] 13.3794(9) 20.0416(15) 20.8397(14) 19.9336(11) 9.0106(5)

b [A] 17.8630(11) 8.0392(8) 8.2339(5) 8.2299(5) 11.2560(7)

c [A] 10.7329(7) 13.6938(13) 13.6452(9) 13.6613(8) 18.8139(11)

a [°] 90 90 90 90 98.540(1)

AN 95.444(2) 90 90 90 96.243(1)

7 [°] 90 90 90 90 90.574(1)

Volume [A%], Z 2553.6(3), 4 2203.4(3), 4 2341.43(3), 4 2241.2(2), 4 1875.16(19), 2
Absorption coefficient [mm~']  1.129 1.300 1.227 1.277 1.460

Crystal size [mm] 0.32x0.26 X0.10 0.25%x0.25%0.08 0.60 X 0.25 % 0.02 0.25%0.25%0.10 0.25%0.20 X 0.05

0 range for data collection [°]  1.53-27.50 2.04-27.49 1.95-25.00 2.04-27.48 1.10-27.50
Reflections collected 25143 12465 13304 16080 24822

Independent reflections 5852 (Rip, = 0.0548) 2532 (Ryy = 0.0870) 2069 (Rjp = 0.1000) 2571 (R, = 0.0858) 8605 (R, = 0.0342)
Ry 0.0904 0.0790 0.1050 0.0806 0.0658

Rw, [I > 2a(1)] 0.2467 0.1804 0.2483 0.2124 0.1316

Ry 0.1141 0.1379 0.1306 0.0980 0.0764

Rw;, (all data) 0.2684 0.2046 0.2638 0.2230 0.1381

Gof 1.137 1.095 1.155 1.162 1.192
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1649 (m), 1624 (w), 1590 (w), 1556 (m), 1501 (s), 1472 (m), 1451
(), 1401 (w), 1351 (w), 1298 (w), 1223 (m), 1194 (w), 1152 (s), 1076
(s), 1034 (m), 840 (m), 796 (m), 623 (w), 456 (w) cm'. UV/Vis
(CH;0H): / (¢, dm3mol ' cm ') = 206 (2.79 X 10%), 244 (1.76 X 10%),
263 (1.85% 10%), 316 (1.76 X 10%), 336 (1.75 X 10%), 653 (99.4) nm.
C14H,5CICuNO5S [9-H,0] (504.37): caled. C 33.34, H 2.60, N
22.22; found C 33.35, H 2.66, N 22.09.

Crystal Structure Determinations: The chosen crystals were
mounted on a glass fiber. Data collection was carried out at
150(1) K by using Mo-K,, radiation (4 = 0.71073 A) and a liquid
nitrogen low-temperature controller on a BRUKER SMART Ap-
exCCD diffractometer. Data reduction was performed with the
Bruker SAINT. Semiempirical absorption corrections were applied.
All the structures were solved by using the SHELXL-97 and refined
with SHELXL-97 by full-matrix least-squares on F? values. The
detailed crystal data are listed in Table 5.

CCDC-647770, -647771, -647772, -647773, and -647774 contain
the supplementary crystallographic data for compounds 5-9 for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Syntheses of starting materials N-(6-bromopyridin-2-
yl)pyrazin-2-amine (1S), 6-chloro-N-(pyridin-2-yl)pyrazin-2-amine
(2S), and N-(6-chloropyrazin-2-yl)pyrazin-2-amine (3S); ORTEP
drawing of the structure of 7; temperature dependence of the mag-
netic moment; and the molar susceptibility for 6 and 8.
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