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A series of new complexes of some bis-bidentate N, ligands [picolinamide azine (pahap), 2-pyrazinecarboxamide
azine (pzhpz) and butanedione-monoxime picolinamide hydrazone (pahox)], based on a rotationally flexible N-N
bridging unit, with Mn(1), Ni(11), Cu(1r), Zn(1) and Cd(m) is reported. 2 : 2 (M : L) ratio complexes with Mn(11) and
Cd(1), in which anionic ligands (Cl1~, NO; ") are bonded to the metals, have large >80° M-N-N-M torsional angles,
indicating ‘open’ dinuclear structures. With weakly or non-coordinating anions (e.g. C1O,”, ZnBr,*") 2 : 3 complexes
are formed with smaller torsional angles (39-43°) in keeping with the presence of three N-N bridges and ‘closed’
spiral structures. Antiferromagnetic exchange is observed bewteen Mn(11) and Ni(11) centres in both types of complex,
whereas with Cu(1) small Cu—N-N-Cu angles lead to dominant ferromagnetic exchange coupling. Structural and

magnetic data are discussed.

Introduction

The bis-bidentate ligands pahap (picolinamide azine, see
Scheme 1) and pahox (butanedione-monoxime picolinamide

O
H 2N>_©N>

pahap pzhpz
N—-N —OH
H;C  CHj;
pahox
Scheme 1

hydrazone) exhibit rotational flexibility around the N-N bond,
and have been shown to produce twisted mono-ligand and di-
ligand dinuclear complexes with Cu(m) with N-N single bond
bridges between the metal centres. Magnetic properties depend
on the angle of rotation of the copper magnetic planes around
the N-N bond, and relative orientation of the nitrogen p
orbitals.'* Acute angles (< 80°) lead to ferromagnetic coupling,
while at larger angles antiferromagnetic coupling is observed,
with a linear relationship between exchange integral and angle.
The related dipyrazine ligand pzhpz (2-pyrazinecarboxamide
azine) behaves in a similar manner. Pahap and pzhpz also form
spiral dinuclear complexes [M,L;]X, (L = pahap; M = Mn(11),
X=ClOo,, M=Fe(m), X=NO;, M=Co(m), X=NO,,
M =Ni(u), X=NO;"; L=pzhpz; M =Fe(m), X=NO;") in
which three ligands wrap themselves around the dinuclear
center with the N-N diazine fragments acting as the bridges.
The spiral conformations of these tris-ligand complexes are
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effectively locked in place, with small M—N-N-M torsional
angles, leading either to weak antiferromagnetic or ferro-
magnetic coupling.* The present study describes a series of new
dinuclear di-ligand and tri-ligand complexes with the ligands
pahap, pzhpz and pahox, again involving just single N-N
bridges between the metal centres (metal=Mn(u), Ni(m),
Cu(m), Zn(m), Cd(mr)). Magnetic properties indicate weak anti-
ferromagnetic coupling or no coupling for the manganese and
nickel complexes, and ferromagnetic coupling for the copper
derivatives.

Experimental
Materials

Commercially available solvents and chemicals were used with-
out further purification.

Physical measurements

Electronic spectra were recorded as Nujol mulls and in solution
using a Cary 5E spectrometer. Infrared spectra were recorded as
Nujol mulls using a Mattson Polaris FTIR instrument. Mass
spectra were obtained using a VG micromass 7070HS spec-
trometer. C, H, N analyses on vacuum dried samples (24 h)
were performed by the Canadian Microanalytical Service,
Delta, BC, Canada. Variable temperature magnetic data (2-300
K) were obtained with a Quantum Design MPMSS5S Squid
magnetometer operating at 0.1-0.5 T. Calibrations were carried
out with a palladium standard cylinder, and temperature
errors were determined with [H,tmen][CuCl,] (H,tmen=
(CH,),HNCH,CH,NH(CH,),*").?

Preparations

Pahap, pzhpz and pahox were prepared by procedures
described in previous reports.'>*

[Mny(pahox),CL]-H,O (1-H,0). Pahox (0.22 g, 1.0 mmol)
was added to a warm aqueous methanol (4 : 1) solution (25
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mL) of MnCl,-6H,0 (3.0 mmol, 0.70 g) and the mixture stirred
for several minutes until the ligand dissolved. The clear solution
was filtered and the filtrate allowed to stand at room temper-
ature for two days. Well formed orange crystals were produced,
which were filtered off, washed with cold water, and dried in air
(Yield 83%). (Found: C, 33.81; H, 3.88; N, 19.57. [Mn,(C,,H ;-
N;0),Cl,]-H,O requires: C, 33.92; H, 3.98; N, 19.78%). Via/
cm™': 3350 (=NOH), 3308, 3161(NH), 1643 (C=N) and 1046,
1015 (py) (Nujol).

[Ni,(pahox),](C10,),4H,0 (2:4H,0). This compound was
prepared as red-brown crystals in a similar manner to com-
pound 1 (Yield 92%). (Found: C, 28.93; H, 3.66; N, 16.58.
[Ni,(C;0H{3N50),](C10,),-4H,0 requires: C, 28.94; H, 3.85; N,
16.87%). Ama/nm (Nujol): 420, 540, 840(sh), 900. v, /cm™":
3515 (H,0), 3423 (=NOH), 3348, 3215 (NH), 1657 (C=N),
1098, 620 (C10,") and 1048 (py) (Nujol).

[Ni,(pzhpz);](Cl10,),-4H,0 (3:4H,0). Method A. Compound
4 (0.67 g, 0.50 mmol) was dissolved in 20 mL hot water to give a
clear yellow-green solution. Ni(en),Cl,-H,O (0.81 g, 1.5 mmol),
pre-dissolved in 5 mL water, was added to this solution with
stirring. A clean red-orange solution was obtained, which was
filtered, and the filtrate allowed to stand for several days at
room temperature. Red-orange crystals, suitable for structural
analysis, were collected (Yield 75% referred to compound 4).
(Found: C, 27.47; H, 2.72; N, 25.55. [Niy(C;oH;(Ny);](ClO,),
4H,0 requires: C, 27.42; H, 2.91; N, 25.58%). Apna/nm (Nujol):
425, 545, 843(sh), 900. v, /cm™": 3585 (H,0), 3370, 3167 (NH),
1658 (C=N) and 1080, 625 (ClO,") (Nujol).

Method B. This compound can be produced from the
direct reaction of pzhpz with Ni(ClO,),-6H,O in water with
higher yield (over 90%). However, it is always in powdered
form.

[Cu,(pzhpz);](C10,),-5H,0 (4-5H,0). Pzhpz (0.73 g, 3.0
mmol) was suspended in a hot, stirred aqueous solution of
Cu(ClO,),-6H,0 (0.36 g, 1.0 mmol in 20 mL deionized water).
10 mL of methanol was added forming a clear light green solu-
tion after a few minutes. Another 1.0 mmol of Cu(ClO,),-6H,O
(dissolved in 5 mL of deionized water) was added to the result-
ing solution, forming a deeper green solution. The solution was
filtered and allowed to stand at room temperature for a few
hours. Green crystals, suitable for structural analysis, formed
(Yield 90%). (Found: C, 26.98; H, 2.80; N, 25.23. [Cu,(C,oH,o-
Ny);](Cl10,),-5H,0 requires: C, 26.86; H, 3.00; N, 25.06%0). A/
nm (Nujol): 720. v, /em™": 3592 (H,0), 3368, 3165 (NH), 1657
(C=N) and 1080, 625 (C10,") (Nujol).

[Cu,(pahap);](C10,),-5H,0 (5-5H,0). This compound was
prepared as light green crystals in a similar manner to com-
pound 4 (Yield 89%). (Found: C, 32.32; H, 3.24; N, 18.79.
[Cu,(C,,H,Ng)5](Cl10,),-5H,0 requires: C, 32.37; H, 3.47; N,
18.87%). Ama/nm (Nujol): 690. v, fem™': 3571 (H,0), 3390,
3315, 3167 (NH), 1656 (C=N), 1094, 626 (C10,") and 1048 (py)
(Nujol).

[Zn,(pahap);](ZnBr,),-5SH,0 (6-5H,0). Pahap (0.24 g, 1.0
mmol) was added to an aqueous solution (20 mL) of
ZnBr,-6H,0 (0.67 g, 2.0 mmol), and the mixture was stirred for
several minutes at room temperature until the ligand dissolved.
The colorless solution was filtered, and the filtrate was allowed
to stand at room temperature for several days. Very light yellow
(almost colorless) crystals, suitable for an X-ray structural
determination, formed. These were filtered off, washed quickly
with water and air-dried (Yield 79%). (Found: C, 25.33; H, 2.50;
N, 14.70. [Zn,y(C;,H,N¢);1(ZnBr,),5H,0 requires: C, 25.26; H,
2.71; N, 14.73%). vpa/em ™'z 3550(br) (H,0), 3303, 3165 (NH),
1656 (C=N) and 1017 (py) (Nujol).

[Cd,(pahap),(NO;),(H,0),J(NO;),4H,0  (7-4H,0). This
compound was synthesized as white crystals in a similar
manner to compound 6, using Cd(NO,),-6H,0 (Yield 90%).
(Found: C, 27.00; H, 3.45; N, 21.10. [Cd,(C,H,N¢),(NO;),-
(H,0),](NO;),-4H,0 requires: C, 27.16; H, 3.42; N, 21.11%).
Vma/om ' 3550, 3520 (H,0), 3360, 3185 (NH), 1665 (C=N),
1765 and 1755 (v, + v, monodentate and ionic NO; ™), and 1020
(py) (Nujol).

CAUTION: although no problems were encountered with
the perchlorate complexes reported in this study, readers are
cautioned about the potentially explosive nature of such
compounds.

Crystallography

Crystal data and information about the data collections and
structural refinements are summarized in Table 1.

The diffraction intensities of single crystals of 1, 6 and 7 were
collected with graphite monochromated Mo-Ka X-radiation
and 2 with Cu-Ka radiation using a Rigaku AFC6S diffract-
ometer at 299(1) K and the w20 scan technique. The data
were corrected for Lorentz and polarization effects. The
structures were solved by direct methods.%” All atoms except
hydrogens were refined anisotropically for 1, 2, 6 and 7 unless
otherwise stated. Hydrogen atoms were optimized by positional
refinement, with isotropic thermal parameters set 20% greater
than those of their bonded partners at the time of their inclu-
sion. However they were fixed for the final round of refinement.
Neutral atom scattering factors® and anomalous-dispersion
terms®!® were taken from the usual sources. All calculations
were performed with the teXsan'! crystallographic software
package using a PC computer. For 2 significant disorder in
three of the lattice perchlorates prevented a good refinement of
the structure. The disorder could not be modeled in a system-
atic way, and oxygen atoms from these perchlorates and lattice
water molecules were refined isotropically. For 6 three oxygen
atoms of the partially occupied water molecules were refined
isotropically, and one half occupancy hydrogen atom was not
found.

The diffraction intensities of a single crystal of 3 were
collected with graphite monochromatized Mo-Ka X-radiation
(rotating anode generator) using a Bruker P4/CCD diffract-
ometer at 193(1) K to a maximum 20 value of 51.5°. The data
were treated and the structure solved as before using teXsan.
Abbreviated crystal data for 3 are given in Table 1.

Diffraction data for a single crystal of 4 were collected using
a Bruker SMART CCD diffractometer, equipped with an
Oxford Cryostream N, cooling device,'? with graphite mono-
chromated Mo-Ka radiation. Cell parameters were determined
and refined using the SMART software,'* raw frame data were
integrated using the SAINT program,'®* and the structure was
solved using direct methods and refined by full-matrix least
squares on F? using SHELXTL.™ Non-hydrogen atoms were
refined with anisotropic atomic displacement parameters
(adps).

CCDC reference numbers 158599-158604.

See http://www.rsc.org/suppdata/dt/b1/b101445p/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

Stuctures

Crystal structure of [Mny(pahox),CL]-H,0 (1-H,0). The
structure of 1 is shown in Fig. 1, and selected bond distances
and angles are listed in Table 2. The neutral complex consists of
two ligands straddling the two six-coordinate metals in axial
positions, in a pseudo-cis fashion, with N-N single bond
bridges. Two chlorine atoms act as weak terminal equatorial
ligands (Mn-Cl 2.44-2.47 A). Three Mn—N distances per metal
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Table 1 Summary of crystallographic data for [Mn,(pahox),Cl,]-H,O (1-H,0), [Ni,(pahox);](C10,),-4H,0 (2-4H,0),[Niy(pzhpz);](C10,),-4H,0

(3-4H,0), [Cuy(pzhpz);](ClO0,),-5H,0 (4-5H,0), [Zn,(pahap);](ZnBr,),"5H,0 (6:5H,0) and [Cd,(pahap),(NO;),(H,0),](NO;),-4H,0 (7-4H,0)

Compound 1 2 3 4 6 7

Empirical CH26N100,Cly- Ci3Hy6.3N 15055 65 CoHa1.sN24O5y 75 CsHyoN2Osy- C36Ha3NysBr50; 5- CpH35N0,9Cd,
formula Mn, CI,Ni, CI,Ni, Cl,Cu, Zn,

Formula weight 690.18 1238.69 1345.52 1341.7 1684.61 1079.48

Space group Pna21 (no. 33) P2,/n (no. 14) P2,/c (no. 14) P2,/c Pl C2/c (no. 15)

alA 24.219(5) 19.277(5) 17.6681(11) 17.7623(8) 16.088(2) 23.870(3)

bIA 9.127(2) 21.233(5) 13.3204(8) 13.3002(6) 16.950(4) 13.418(8)

clA 13.515(2) 12.479(3) 22.0456(13) 21.6942(10) 11.104(3) 14.721(5)

al® 108.37(2)

pr 98.20(2) 90.343(1) 90.3990(10) 101.84(2) 119.90(1)

y° 90.75(2)

VIA3 2987.6(9) 5055(2) 5188.3(5) 5125.0(4) 2803(1) 4087(2)

Peadlg cm™? 1.534 1.627 1.722 1.739 1.996 1.754

V4 4 4 4 4 2 4

plem™! 12.39 36.96 10.33 11.4 74.64 11.36

A 0.71069 1.54178 0.71073 0.71073 0.71069 0.71069

T/°C 26(1) 26(1) —80(1) —173(1) 26(1) 26(1)

R 0.034 0.110 0.041(R,) 0.0277(R,) 0.048 0.037

R, 0.028 0.112 0.122(wR;) 0.0733(wR,) 0.047 0.039

“ R=X|IF,| = [FVEIF,], Ry = {[Zw(Fo| — [FDEwWFS2 " Ry = ZIFy| — |FIEIF, wRy = (ZIw(IF = [FL)EDw(F .

Table 2 Distances (A) and angles (°) for 1

Mn(1)-Cl(1) 2.45(1) Mn(2)-N(4) 2.357(5)
Mn(1)-CI(2) 2.449(2) Mn(2)-N(5) 2.271(9)
Mn(1)-N(1) 2.284(8) Mn(2)-N(6) 2.273(9)
Mn(1)-N(3) 2.259(9) Mn(2)-N(8) 2.294(6)
Mn(1)-N(9) 2.464(8) Mn(1)-Mn(2) 4.821(3)
Mn(1)-N(10) 2.272(8) N@3)-N@) 1.411(5)
Mn(2)-CI(3) 2.464(4) N(8)-N(9) 1.41(1)
Mn(2)-Cl(4) 2.446(7)

CI(1)-Mn(1)-CI2)  102.6(3) CI(3)-Mn(2)-Cl(4)  99.8(3)
CI(1)-Mn(1)-N(1) 95.4(2) CI(3)-Mn(2)-N(5)  83.3(2)
CI(1)-Mn(1)-N(3)  106.6(2) CI(3)-Mn(2)-N(6)  91.2(3)
CI(1)-Mn(1)-N(10)  83.7(3) CI(3)-Mn(2)-N(8)  103.0(1)
CI(2)-Mn(1)-N(1) 88.9(2) ClI(4)-Mn(2)-N(5)  92.0(2)
CI2)-Mn(1)-N(3)  145.6(5) CI(4-Mn(2)-N(6)  92.3(3)
CI(2)-Mn(1)-N(10)  89.6(2) CI(4)-Mn(2)-N(8)  152.0(1)
N(1)-Mn(1)-N(3) 70.7(3) N(5-Mn(2)-N(@6)  173.5(1)
N(1)-Mn(1)-N(10)  178.0(3) N(5)-Mn(2)-N(@8)  106.6(4)
NG3)-Mn(1)-N(10)  111.2(2) N(6)-Mn(2)-N@8)  71.3(3)

Fig. 1 Structural representation of [Mn,(pahox),Cl,]-H,O (1-H,O)
(40% probability thermal ellipsoids).

(2.27-2.30 A) are normal for Mn() systems, but Mn(2)-
N(4) (2.357(5) A) and Mn(1)-N(9) (2.464(8) A) distances
are much longer, indicating some possible strain associated
with the twisted arrangement. This is illustrated also by a long
Mn-Mn distance of 4.821(3) A, and quite large torsional
angles (Mn(1)-N(9)-N(8)-Mn(2) 81.9(5)°, Mn(1)-N(@3)-
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Fig. 2 Structural representation of the dinuclear cation in
[Ni,(pahox);](ClO,),-4H,0 (2:4H,0) (40% probability thermal
ellipsoids).

N(4)-Mn(2) 90.6(5)°) around the N-N bridges. The conform-
ation of the complex appears to be locked, as a result of a
balance between the equatorial bonding interactions to the
diazine nitrogens and two significant hydrogen bonding inter-
actions (CI(3)-H(1o) 1.895 A, CI(1)-H(20) 2.257 A), involving
the terminal chlorines and the external OH groups on the
ligand.

Crystal structure of [Ni,(pahox);](Cl0O,),-4H,0 (2-4H,0).
The structure of the dinuclear cation in 2 is shown in Fig. 2, and
selected bond distances and angles are listed in Table 3. The
dinuclear cation exists in a spiral-like twisted arrangement with
three pahox ligands wrapped around the di-nickel centre, and
with three N-N single bonds (N-N 1.380-1.405 A) acting as
bridges. The terminal donors on each ligand are the pyridine
and oxime nitrogens, and the oxime OH group remains
uncoordinated. The consequence of three bridges compared
with the two in 1 is to shorten the metal-metal distance sub-
stantially (Ni(1)-Ni(2) 3.654(2) A). The ligands are arranged
asymmetrically with two pointing in one direction. Ni-N dis-
tances are substantially shorter than in 1 (<2.1 A), and normal
for Ni(m) complexes of this sort. The incorporation of three
ligands causes a more pronounced twist of the dinuclear
core. Torsional angles (Ni-N-N-Ni) fall in the range 41-42°,



Table 3 Distances (A) and angles (°) for 2

Table4 Distances (A) and angles (°) for 3

Ni(1)-N(1) 2.060(4) Ni(2)-N(9) 2.099(3)
Ni(1)-N(3) 2.075(4) Ni(2)-N(10) 2.064(4)
Ni(1)-N(6) 2.068(4) Ni(2)-N(11) 2.060(4)
Ni(1)-N(8) 2.066(4) Ni(2)-N(13) 2.044(4)
Ni(1)-N(14) 2.075(3) Ni(1)-Ni(2) 3.654(2)
Ni(1)-N(15) 2.072(4) NG)-N(@) 1.405(5)
Ni(2)-N(4) 2.077(4) N(8)-N(9) 1.380(5)
Ni(2)-N(5) 2.081(4) N(13)-N(14) 1.404(5)
N(1)-Ni(1)-N(3) 77.5(1) N(@)-Ni(2)-N(5) 75.8(2)
N(1)-Ni(1)-N(6) 98.0(1) N(4)-Ni(2)-N(9) 90.4(1)
N(1)-Ni(1)-N(8) 94.8(1) N(4)-Ni(2)-N(10) 94.7(1)
N(D-Ni(1)-N(14)  168.1(1) N@)-Ni(2-N(11)  168.3(1)
N(1)-Ni(1)-N(15) 99.4(2) N(4)-Ni(2)-N(13) 92.3(1)
N(3)-Ni(1)-N(6) 168.7(1) N(5)-Ni(2)-N(9) 165.2(2)
N(3)-Ni(1)-N(8) 91.2(1) N(5)-Ni(2)-N(10) 99.8(2)
N@3)-Ni(1)-N(14) 91.7(1) N(5)-Ni(2)-N(11) 98.7(2)
N(3)-Ni(1)-N(15) 95.8(1) N(5)-Ni(2)-N(13) 94.9(2)
N(6)-Ni(1)-N(8) 78.8(1) N(9)-Ni(2)-N(10) 75.7(1)
N(6)-Ni(1)-N(14) 93.6(1) N(9)-Ni(2)-N(11) 95.8(1)
N(6)-Ni(1)-N(15) 95.1(2) N(9)-Ni(2)-N(13) 90.9(1)
N(8)-Ni(1)-N(14) 90.2(1) N(10)-Ni(2)-N(11)  96.5(2)
N@8)-Ni(1)-N(15)  165.2(1) N(10)-Ni(2)-N(13)  164.9(1)
N(14)-Ni(1)-N(15)  76.6(1) N(11)-Ni(2-N(13)  77.7(2)

N14
@ N13

Fig. 3 Core structure in 2.

with an acute twist of each ligand about the N-N bond (Fig. 3;
structural core).

Crystal structure of [Ni,(pzhpz);](Cl10,),-4H,0 (3:4H,0).
The stuctural representation of the dinuclear cation in 3 is
shown in Fig. 4, and the core structure in Fig. 5. Selected bond
distances and angles are listed in Table 4. Three pzhpz ligands
are arranged with a spiral-like twist around the dinickel centre,
with a similar structural arrangement to that in 2. The Ni-Ni
separation is 3.739(1) A, and the Ni-N distances fall in a
narrow range (2.055-2.112 A) typical of Ni(m) in an octa-
hedral geometry. The spiral twist is defined by Ni-N-N-Ni
torsional angles in the range 39.8-42.8°, similar to that found
in 2. Complex 4 has a very similar structure (the core struc-
ture is shown in Fig. 6; selected bond distances and angles
are listed in Table 5), with a Cu—Cu separation of 3.719(1) A,
but quite different Cu—N-N-Cu torsional angles (Cu(l)-
N(@46)-N(45)-Cu(2)  45.3(5)°,  Cu(1)-N(28)-N(27)-Cu(2)
32.3(5)°, Cu(1)-N(9)-N(10)—Cu(2) 43.2(5)°). This results from
the tetragonal distortion of the copper(i) centres, with very
long axial bonds from Cu(1) to N(28) and N(18) (2.283(1) A,
2.286(1) A respectively) and from Cu(2) to N(27) and N(37)
(2.301(1) A, 2.334(DA respectively). The equatorial Cu-N
distances are much shorter (<2.11 A). Crystals of 5§ were
found to be unsuitable for a structural determination, but

Ni(1)-N(1) 2.100(2) Ni(2)-N(13) 2.093(2)
Ni(1)-N(4) 2.075(2) Ni(2)-N(16) 2.090(2)
Ni(1)-N(9) 2.092(2) Ni(2)-N(21) 2.085(2)
Ni(1)-N(12) 2.091(2) Ni(2)-N(24) 2.112(2)
Ni(1)-N(17) 2.096(2) Ni(1)-Ni(2) 3.739(1)
Ni(1)-N(20) 2.058(2) N(4)-N(5) 1.413(3)
Ni(2)-N(5) 2.055(2) N(12)-N(13) 1.423(3)
Ni(2)-N(8) 2.106(2) N(20)-N(21) 1.419(3)
N(1)-Ni(1)-N(4) 77.23(9) N(17)-Ni(1)-N(20)  77.33(9)
N(1)-Ni(1)-N(9) 94.66(9) N(5)-Ni(2)-N(8) 77.32(9)
N(D)-Ni(1)-N(12)  163.86(9) N(5)-Ni(2)-N(13) 89.03(9)
N(1)-Ni(1)-N(17) 98.54(9) N(5)-Ni(2)-N(16)  165.46(9)
N(1)-Ni(1)-N(20) 98.02(9) N(5)-Ni(2)-N(21) 89.45(9)
N(@)-Ni(1)-N(9) 95.24(9) N(5)-Ni(2)-N(24) 97.46(9)
N(4)-Ni(1)-N(12) 89.19(9) N(8)-Ni(2)-N(13) 96.65(9)
N@-Ni(1)-N(17)  166.15(9) N(8)-Ni(2)-N(16) 97.88(9)
N(4)-Ni(1)-N(20) 90.11(9) N(8)-Ni(2)-N(21)  164.72(9)
N(9)-Ni(1)-N(12) 77.74(9) N(8)-Ni(2)-N(24) 97.24(9)
N(9)-Ni(1)-N(17) 98.27(9) N(13)-Ni(2)-N(16)  77.81(9)
N(9)-Ni(1)-N(20)  167.06(9) N(13)-Ni(2)-N21)  90.66(9)
N(12)-Ni()-N(17)  96.64(9) N(13)-Ni(2)-N(24)  165.67(9)
N(12)-Ni(1)-N(20)  90.60(9) N(16)-Ni(2)-N(21)  96.77(9)

Fig. 4 Structural representation of the dinuclear cation in
[Niy(pzhpz),](C10,)-4H,0 (3-4H,0) (40% probability thermal
ellipsoids).

Fig.5 Core structure in 3.

spectral and other data (vide infra) suggest a spiral tri-ligand
structure similar to 4.

Crystal structure of [Zn,(pahap);](ZnBr,),-5SH,O (6-5H,0).
The structure of the cation in 6 is shown in Fig. 7, and selected
bond distances and angles are listed in Table 6. The dinuclear
cation consists of two octahedral Zn(1r) centres bridged by three
N-N single bonds, with Zn-N distances in the range 2.11-
2.20 A, and with a Zn(1)-Zn(2) separation of 3.881(3) A. The
dinuclear centre dimensions are very close to those observed for
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Table 5 Distances (A) and angles (°) for 4

Table 6 Distances (A) and angles (°) for 6

Cu(1)-N(10) 2.0330(13)  Cu(2)-N(©9) 2.0010(14)
Cu(1)-N(18) 2.2857(15)  Cu(2)-N(19) 2.0767(14)
Cu(1)-N(28) 2.2833(14)  Cu(2)-N(27) 2.3010(13)
Cu(1)-N(36) 2.1029(14)  Cu(2)-N(37) 2.3342(15)
Cu(1)-N(46) 2.0145(14)  Cu(2)-N(45) 2.0417(13)
Cu(1)-N(54) 2.0376(13)  Cu(1)-Cu(2) 3.719(1)
Cu(2)-N(1) 2.0488(13)

N(10)-Cu(1)-N(18)  75.42(5)  N(1)-Cu(2)-N(9) 79.32(6)
N(10)-Cu(1)-N(28)  92.48(5)  N(1)-Cu(2)-N(19)  98.46(6)
N(10)-Cu(1)-N(36)  94.11(5)  N(1)-Cu(2)-N(27)  95.02(5)
N(10)-Cu(1)-N(46)  89.19(5)  N(1)-Cu(2)-N(37)  97.91(5)
N(10)-Cu(1)-N(54)  166.33(5)  N(1)-Cu(2)-N(45)  164.25(5)
N(18)-Cu(1)-N(28) 161.34(5)  N(9)-Cu(2)-N(19)  163.35(6)
N(18)-Cu(1)-N(36)  91.73(5)  N(9)-Cu(2)-N(27)  88.37(5)
N(18)-Cu(1)-N(@46) 102.02(5)  N(9)-Cu(2)-N(37)  102.02(5)
N(8)-Cu(1)-N(54)  99.56(5)  N(9)-Cu(2)-N(45)  88.85(6)
N@8)-Cu(1)-N(36)  74.76(5)  N(19)-Cu(2)-N(27)  75.33(5)
NQ28)-Cu(1)-N(46)  91.78(5)  N(19)-Cu(2)-N(37)  94.63(5)
N@8)-Cu(1)-N(54)  95.25(5)  N(19)-Cu(2)-N@45)  95.83(6)
N(36)-Cu(1)-N(46) 166.25(5)  N(27)-Cu(2)-N(37)  164.69(5)
NG6)-Cu(1)-N(54)  98.79(5)  N(27)-Cu(2)-N(@45)  94.99(5)
N@46)-Cu(1)-N(54)  79.33(5)  N(37)-Cu(2)-N(45)  74.26(5)

(4-5H,0).

Fig. 7 Structural representation of the dinuclear cation in
[Zn,(pahap);](ZnBr,),-5H,0 (6:5H,0) (40% probability thermal
ellipsoids).

the Ni(1) and Cu(m) systems, but are slightly smaller than in
[Mn,(pahap),] (ClO,),:5H,0.* The counter complex anions are
non-coordinating tetrahedral ZnBr,*” ions.

Crystal structure of [Cd,(pahap),(NO,),(H,0),](NO,),-4H,0
(7-4H,0). The structure of the dinuclear Cd(ir) cation in 7 is
illustrated in Fig. 8, and important bond distances and angles
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Zn(1)-N(1) 2.140(5) Zn(2)-N(10) 2.178(6)
Zn(1)-N(3) 2.173(6) Zn(2)-N(12) 2.193(5)
Zn(1)-N(7) 2.166(7) Zn(2)-N(13) 2.126(6)
Zn(1)-N(9) 2.151(7) Zn(2)-N(15) 2.151(5)
Zn(1)-N(16) 2.162(5) Zn(1)-Zn(2) 3.881(3)
Zn(1)-N(18) 2.144(6) N@G3)-N(4) 1.416(8)
Zn(2)-N(4) 2.113(6) N(9)-N(10) 1.418(8)
Zn(2)-N(6) 2.192(7) N(15)-N(16) 1.423(8)
N(1)-Zn(1)-N(3) 74.8(2) N(4)-Zn(2)-N(6) 75.1(2)
N(1)-Zn(1)-N(7) 102.4(2) N(4)-Zn(2)-N(10) 88.7(2)
N(1)-Zn(1)-N(9) 98.3(2) N(4)-Zn(2)-N(12) 98.6(2)
N(1)-Zn(1)-N(16)  161.6(2) N@)-Zn(2)-N(13)  162.3(2)
N(1)-Zn(1)-N(18) 99.1(2) N(4)-Zn(2)-N(15) 88.9(2)
N@3)-Zn(1)-N(7) 162.8(2) N(6)-Zn(2)-N(10)  162.2(2)
N(3)-Zn(1)-N(9) 88.2(2) N(6)-Zn(2)-N(12)  100.8(2)
N@3)-Zn(1)-N(16) 88.5(2) N(6)-Zn(2)-N(13) 98.3(2)
N(3)-Zn(1)-N(18) 99.1(2) N(6)-Zn(2)-N(15) 98.0(2)
N(7)-Zn(1)-N(9) 75.3(2) N(10)-Zn(2)-N(12)  73.9Q2)
N(7)-Zn(1)-N(16) 95.9(2) N(10)-Zn(2)-N(13)  99.3(2)
N(7)-Zn(1)-N(18) 98.1(2) N(10)-Zn(2)-N(15)  89.0(2)
N(9)-Zn(1)-N(16) 88.8(2) N(12)-Zn(2)-N(13) 98.8(2)
N(9)-Zn(1)-N(18)  162.4(2) N(12)-Zn(2)-N(15)  161.02)
N(16)-Zn(1)-N(18)  75.5(2) N(13)-Zn(2)-N(15)  75.6(2)
Table 7 Distances (A) and angles (°) for 7

Cd(1)-0(1) 2.361(3) Cd(1)-N(6) 2.317(4)
Cd(1)-0(2) 2.404(3) O(2)-N(7) 1.255(5)
Cd(1)-N(1) 2.312(4) NG3)-N@4) 1.442(4)
Cd(1)-N(3) 2.364(3) Cd(1)-Cd(1)’ 4.783(1)
Cd(1)-N(4) 2.369(3)

O(1)-Cd(1)-0(2) 82.9(1) O(2)-Cd(1)-N(6) 90.4(1)
O(1)-Cd(1)-N(1) 92.3(1) N(1)-Cd(1)-N(3) 69.5(1)
O(1)-Cd(1)-N(3) 146.6(1) N(1)-Cd(1)-N(4) 116.1(1)
O(1)-Cd(1)-N(4) 83.8(1) N(1)-Cd(1)-N(6) 173.0(1)
O(1)-Cd(1)-N(6) 88.5(1) N(3)-Cd(1)-N(4) 80.0(1)
O(2)-Cd(1)-N(1) 82.8(1) N(3)-Cd(1)-N(6) 113.0(1)
0(2)-Cd(1)-N(3) 120.4(1) N(4)-Cd(1)-N(6) 71.0(1)
0O(2)-Cd(1)-N(4) 157.3(1)

Fig. 8 Structural representation of the dinuclear cation in
[Cd,(pahap),(NO;),(H,0),](NO;),-4H,0 (7-4H,0) (40% probability
thermal ellipsoids).

are listed in Table 7. The dinuclear unit differs from those in 2—4
and 6 with only two ligands bridging the two metal ions. It is
similar to 1 in this respect. Other coordination sites at the
octahedral metal centres are occupied by water molecules and
monodentate nitrate anionic ligands. The double N-N bridge
relaxes the dinuclear centre somewhat, resulting in a long
Cd-Cd distance (4.783(1) A) and large Cd-N-N-Cd torsional
angles (88.2(4)°). These dimensions compare closely with those
inl.
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Fig. 9 Variable temperature magnetic data for [Mn,(pahox),Cl,]-H,O
(1-H,O). The solid line was calculated with g=2.035(4), J=—1.4(1)
ecm™!, 0=0.6 K, p=0.0051, Na=18x10"° cm® mol™!' (Mn)
(10*R = 0.46; R = [Z(fobs. ~ Xeate)"ZHobs. ")-

Complex self-assembly

Bis-bidentate ligands like pahap, pzhpz and pahox have two
coordination pockets capable of binding two metals, and in
cases where potential co-ligands (e.g Cl, Br, acac, bipy, glycin-
ate, alaninate efc.,)'™ are present ligand competition produces
dinuclear mono-ligand complexes. In the absence of such co-
ligands the coordination requirements of the metals are
met by a suitable arrangement of multiples of the available
bis-bidentate ligands to form a homoleptic system, by a self-
assembly process. It would be reasonable to assume that
mono-nuclear subunits with one or two ligands bound at
their bidentate ends would be precursor fragments in the self-
assembly process. It is clear that in 1 chlorine is a good co-
ligand, occupying two sites per metal, and thus leaves space for
two main ligands only. With weakly coordinating perchlorate
anions there is no significant co-ligand competition and the
coordination requirements of the two metals are met by a com-
bination of three ligands per two metal units (e.g 2). The
formation of a 2:2 (M : L) structure in 7, with bound mono-
dentate nitrates, indicates the competitive nature of a ligand
with stronger donor properties. The significant molecular twist-
ing of the 2:3 (M : L) systems is largely a flexible response of
the complex to steric constraints associated with the NH,
and CH; groups attached to the diazine N-N framework of
the ligands, and the geometric requirements of the two six-
coordinate pseudo-octahedral metal ion centres. The rotation-
ally flexible N-N bonds allow the ligands to twist freely to
minimize these steric interactions. In 1 it is apparent that
some degree of restraint is imposed by the hydrogen bonding
interactions (vide supra).

Magnetic properties

Variable temperature magnetic susceptibility data for 1 (Fig. 9)
show a maximum at 10 K, typical of a system exhibiting intra-
molecular antiferromagnetic exchange. Fitting of the data to
the standard isotropic exchange expression for two S=5/2
centres (H =—2JS,-S,) gave an excellent result with g=
2.035(4), J=—1.4(1) em ™", 6=0.6 K, p=0.0051, Na=18 x
1076 Cm3 m0171 (102R = 046, R= [EC{obs. - Xcalc.)zlz;{obs.z]llz;
solid line in Fig. 9 calculated with these parameters; p is the
fraction of Curie-like paramagnetic impurity, Na is temper-
ature independent paramagnetism, 6 is a Weiss-like temperature
correction). These data contrast markedly with the results for
[Mn,(pahap);](C1O,),5H,0,* which exhibits intramolecular
ferromagnetic coupling, and can be directly associated with the
twisting effect of the manganese magnetic orbitals relative to
the orientation of the p orbitals of the N-N bridges." The
Mn-N-N-Mn torsional angles in 1 (81.9°, 90.6°) are much
larger than those in [Mny(pahap);](ClO,),-5H,0. (44.2° ave.).
The opening of the dinuclear centre, as a result of the presence
of just two ligands, and the OH-CI hydrogen bonding con-
straints, allows the system to enter the antiferromagnetic realm
for this kind of bridge, in complete agreement with earlier
results.
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Fig. 10 Variable temperature magnetic data for [Niy(pahox),]-
(ClO,)44H,0 (2:4H,0). The solid line (B) was calculated with
g=2.1684), J=-077(1) cm™', zJ'=-0.36 cm’, =-0.57
cm™, p=0.002, Na=180x10"° cm® mol™' (Ni) (10°R=1.0;
R = [Z(obs. = Leate) T los1")-

Complex 2 shows antiferromagnetic behaviour also, with a
magnetic moment (per Ni) dropping form 3.1 gz at 300 K to 1.6
g at 2 K (Fig. 10). The data were fitted initially to a simple
isotropic exchange expression for two S=1 centres (H =
—2JS;-S,), and a small negative J value was obtained
(g=2.15(1), J=—0.99(5) cm™', p=0.001, Na=90 x 107¢ cm?
mol~'; Fig. 10(A)). Given that this small |J] value could be com-
parable with zero field splitting for the octahedral nickel(r)
centre, an expanded expression (eqns. (1)—(3)) including zero
field splitting (D), intermolecular exchange (zJ') and para-
magnetic impurity fraction (p) was attempted.'®

Ng'B’F(J.T) +

_ 6]
X ST 4z FUD)

|+5e4<//k7'
FU-T) = 57 @
Ho — _2J§l .52 _ D(§I:2 +§2:2) 3)

A good data fit was found for g=2.168(4), J=—0.77(1)
em™!, zJ' =—0.36 cm™!', D=-0.57 cm™!, p=0.002, Na=
180 x 107® ¢m® mol™" (Ni), (10°R=1.0). The solid line in
Fig. 10(B) was calculated with these parameters. The very
weak antiferromagnetic coupling in this compound is perhaps
not surprising given the small Ni-N-N-Ni torsional angles
(41-42°). These are comparable with [Mn,(pahap);](ClO,),
5H,0 (torsional angle =44.2°),* which exhibits weak ferro-
magnetic coupling. It would seem reasonable that there would
be a slightly different angle range for the crossover from
ferromagnetic to antiferromagnetic behaviour for comparable
compounds with different ligands and different metals.

Complex 3 shows an essentially constant moment of 3.0 uy
per metal from 300-5 K, followed by a very slight drop at lower
temperature. This behaviour is indicative of no coupling
between the Ni centres and is again consistent with the small
Ni—-N-N-Ni torsional angle (41.3° ave.). Despite the structural
similarity with 2, the change in ligand would inevitably influ-
ence the exchange situation, but it is clear that the magnetic
difference between these compounds is small.

In contrast 4 shows a temperature dependence of magnetic
moment (Fig. 11) typical of a system exhibiting significant
intramolecular ferromagnetic exchange. u rises from about 1.88
ug (per Cu) in the range 300-100 K to 2.08 up at 4 K. The
variable temperature data were fitted to the Bleaney—Bowers
equation '® and a very good fit gave g =2.11(1), J=6.6(1) cm ™',
0=-0.12 K, p=0.013, Na=60x10"° cm® mol™' (Cu)
(10°’R=0.3) (Fig. 11; solid line). The very slight drop in
moment between 300 K and ~170 K is associated with the
presence of a very small antiferromagnetic component,
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Fig. 11 Variable temperature magnetic data for [Cu,(pzhpz),]-
(ClO,),-5H,0 (4-5H,0). The solid line was calculated with g =2.11(1),
J=6.6(1)cm™", 0=—0.12K, p=0.013, Na =60 % 10~° cm® mol ™! (Cu)
(10°R = 0.3; R = [Z(obs. ~ Leate) /= obs"1")-
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Fig. 12 Magnetization data as a function of field (0-5 T) at 2 K for

[Cuy(pzhpz),](C1O,),-5SH,O (4-5H,0). The solid line was calculated
from the Brillouin function for an S = 2/2 system with g =2.11.

probably intermolecular in nature, revealed in the fitting by the
inclusion of a small negative @ correction. Magnetization data
obtained at 2 K at variable field up to 5 T (Fig. 12) show almost
complete saturation at 5 T, and a saturation value of 1.99 Nf
corresponding to a S =1 ground state (Fig. 12; solid line from
the theoretical Brillouin function for g=2.11 and S=1). An
examination of the core structure of 4 (Fig. 6) shows that the
magnetic planes of the two copper atoms are defined by Cu(1)
and N(10), N(36), N(54) and N(46) and Cu(2) and N(1), N(9),
N(45) and N(19) (short in plane contacts), which leads to just
two diazine bridge groups that could possibly be involved in
contributing to antiferromagnetic exchange (N(45)-N(46) and
N(9)-N(10)). Cu-N-N-Cu torsional angles are small overall
(<46°), and so ferromagnetic coupling would be expected. The
angles between the copper magnetic planes at Cu(1) and Cu(2)
can be estimated from the relative orientation of the Cu—N-C-
C-N chelate rings defined by the N, donor ends of each ligand,
in order to compare this compound directly with previously
reported examples.? This acute angle of 66.4° compares with
those observed previously, where at angles ~80° ferromagnetic
coupling would be expected.> A similar profile of magnetic
moment versus temperature was observed for 5 and the data
were fitted to the Bleaney—Bowers equation to give g = 2.107(1),
J=17.3(1) ecm™!, p=0.0005, =—0.18 K, TIP =50 x 107® cm?®
mol ™' (Cu) (10°R = 0.41), consistent with the anticipated spiral
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structural arrangement, with three pahap ligands bound to two
copper(I1) centres, in a similar manner to 4. Magnetization data
at 2 K in the range 0-5 T again confirm an S = 1 ground state.

Conclusion

New spiral dinuclear complexes with N, bis-bidentate ligands
with rotationally flexible N-N single bond bridges are reported.
The stoichiometric outcome Ze. 2:2 or 3:2 ligand : metal
ratio, depends on the presence of competitive ligating anionic
groups, and chlorine and nitrate have been shown to act as
ligands, while perchlorate does not. Examples with both anti-
ferromagnetic and ferromagnetic behaviour are found, with the
primary rationale for the sign of magnetic exchange inter-
action being the angle of rotation of the metal magnetic
orbitals relative to the N-N single bond bridge.
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