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A new ligand 2,4,6-tris[{N-methyl-N'-(pyridine-2-yl)methyl-
idene}hydrazino]-1,3,5-triazine (L) has been synthesized
from cyanuric chloride in two steps. The threefold symmetric
L features three potentially tridentate {N3} binding compart-
ments. However, with Mn" it binds a single metal ion using
one of the triazine N atoms and two chelate arms. This {N5}
set forms the equatorial plane of a distorted pentagonal-bipy-
ramidal metal ion environment, with a variety of ligands in
axial positions. Five such Mn!! complexes have been isolated
and characterized by X-ray crystallography. Complex 1 fea-
tures axial water and nitrato-O ligands. In §, the latter is re-
placed by dicyanamide. Two terminal azido ligands are

found in 3. Depending on the ratio of L:Mn':azide, L may
also adopt a bridging mode to give the dimeric species
{(H,0)Mn"L}(p-1,3-N3){LMn"(NO3)}](NO3), (2) or a 1D coor-
dination polymer [(LMn")(u-1,3-N3)],(NO3), (4). The basic
{LMn'} entity undergoes little structural variation in the
series of complexes, which can be viewed as structural snap-
shots for the assembly of a Mn'/azido polymeric chain from
well-defined mononuclear building units. Magnetic coupling
along the p-1,3-azido linkage in the dimeric and 1D-ex-
tended complexes is weakly antiferromagnetic; the strength
of the coupling is rationalized on the basis of the Mn-N-N
angles and the dihedral angle 7 along the azide ligand.

Introduction

The synthesis and characterization of new low-dimen-
sional materials (one- or two-dimensional) that may show
long-range cooperative magnetic phenomena has become a
major focus of interest in the molecular magnetism arena
in recent years.['l Many groups are addressing the synthesis
and study of discrete oligometallic molecules in an attempt
to advance our understanding of the mechanism involved
in magnetic coupling!? and the targeted production of ex-
tended assemblies of paramagnetic metal ions with desir-
able magnetic properties.!

Azide (N3") is among the heavily used bridging ligands
in this field, since it can mediate strong magnetic coupling
and can display great versatility in its coordination.M It is
well established that azido bridges may link two or more
metals ions in p-1,3 (end-to-end, EE), p-1,1 (end-on, EO),
or even higher nuclearity binding modes.’! Magnetic ex-
change mediated via an azido bridge can be ferro- or anti-
ferromagnetic, depending on the bridging mode and bond-
ing parameters. It has been widely stated that exchange is
generally ferromagnetic in nature for the EO mode and
antiferromagnetic for the EE mode™ ® although an in-
creasing number of exceptions have been reported.[’! The
structures and magnetic properties of metal azido systems
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are obviously sensitive to the coligands employed. To date,
numerous coligands have been introduced into metal-azido
systems, giving rise to an abundant range of polymeric com-
plexes that show a wide variety of magnetic proper-
ties.[*08111 Among the first-row transition metal azides,
high-spin Mn!! is of particular interest as a spin carrier be-
cause it contains the highest possible number of unpaired
electrons for a d metal ion.[512!

1,3,5-Triazine derivatives are receiving increased atten-
tion as ligand scaffolds for several reasons: (i) starting from
cheap cyanuric chloride various triazine derivatives are
readily available;!'? (ii) the meta positioning of the N do-
nors in the ring may give rise to ferromagnetic coupling by
the spin-polarisation mechanism;'# (iii) the threefold sym-
metry of the 1,3,5-triazine core is an attractive feature in
the field of supramolecular chemistry and crystal engineer-
ing.['3] However, the electron-deficient triazine has proven
quite reluctant towards binding several metal ions by the
ring N atoms, which has stimulated the development of
more sophisticated triazine-based scaffolds with three do-
nor substituents providing suitable chelate compart-
ments.[1®]

Here we report about the new tricompartmental ligand
2,4,6-tris[{ N-methyl-N'-(pyridine-2-yl)methylidene} hydraz-
ino]-1,3,5-triazine (L) and we explore the behavior of this
particular scaffold in Mn/azide chemistry. Ligand L has
been found to bind one metal ion instead of the anticipated
three, and an interesting series of heptacoordinate Mn"!
complexes has been developed, which provides structural
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snapshots of the stepwise assembly of 1D-polymeric Mn'!/
azido chains through mono- and dinuclear species. In this
paper we describe the synthesis, characterisation, and mag-
netic properties of these complexes.

Results and Discussion

Synthesis and General Characterisation

The new ligand was synthesized by condensation of 2-
pyrdinecarboxaldehyde with 2,4,6-tris(N-methylhydrazino)-
1,3,5-triazinel'” in methanol (Scheme 1). L was isolated as
a white powder in 94% yield and characterised by NMR
and IR spectroscopy as well as elemental analysis.
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Scheme 1. Synthesis of L.

Ligand L features a central triazine ring with three dan-
gling arms and three potentially tridentate pockets. The re-
sult of the reaction of L with Mn(NO3),-xH,O and NaN;
is strongly dependent on the ratio of the reactants, but in
all cases only a single Mn'! ion was directly bound to the
triazine N atom and further embraced by two of the chelate
substituents, even if three or more equivalents of Mn-
(NO3)»'xH,O were used with respect to L. Careful control
of the reaction conditions resulted in the isolation and full
characterization of a series of complexes ranging from the
Mn'"! complex of L without any azide (1), which can be
viewed as a precursor to the mononuclear complex with
terminal azido ligands (3), continuing to an azido-linked
dimeric species (2) and finally to the azido-bridged 1D
polymeric chain system (4; Scheme 2).

Crystals of [Mn(L)(NO3)(H,O)](NO3) (1) were obtained
by mixing L and Mn(NOj3),-xH->O in methanol, followed
by slow evaporation of the solvent. The 1D polymeric com-
plex 4 was isolated when L, the metal salt, and sodium
azide were combined in equimolar amounts (1:1:1) in meth-
anol at room temperature. Upon reflux under otherwise
identical conditions, however, a mixture of the 4 and the
mononuclear compound 3 was formed. Complex 3 can also
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m" [Mn(L)(NO3)(H20))(NO3) (1)
(1:1)

MH{NO3}2'XH20
+ NaNg (1:2.3:1)

L Mn(NO3)2-xH20 IMKLXNGEIRCHOH. @3) T excess
NaNg
M (L)(N3)]n(NO3), (4)

+ NaNj (1:1:2)
[Mn(L)(dca)(H20))(NO3) (5)

[Mn2(L)2(N3)(NO3)(H20)1(NO3)2  (2)

l excess NaNg

Mn(NO3)z-xH20
+ NaNj (1:1:1)

Mn(NO3)2-xH20
+ Nadca (1:1:1)

Scheme 2. Synthetic scheme of complexes 1-5.

be prepared directly when the reactants are used in 1:1:2
ratio, or by treating 2 with an excess of NaN;. Somewhat
surprisingly, complex 2 is best obtained from L, Mn(NOj3),-
xH,0, and NaNj; in the presence of an excess of the metal
salt.

The molecular structure of complex 1 is shown in Fig-
ure I (top). A single heptacoordinate manganese ion is
found in a strongly distorted pentagonal-bipyramidal envi-
ronment with five N donor atoms in the basal plane: two
pyridine N atoms, two sp? hydrazone N atoms from two
chelate strands, and the N1 atom of the central triazine
ring. A similar pincer-like binding motif has recently been
reported for cobalt(Il) and lead(Il) complexes of a triazine-
based ligand with only two hydrazone arms.['®!°! Steric re-
pulsion between the pyridyl ends of the substituents (2.31 A
between the H atoms in the pyridyl-6 positions) enforces a
twisted conformation of the pincer array. Thus the dihedral
angle between the two planes N1-N5-N6-Mnl and NI1-
N8-N9-Mnl is 13.16°. The axial positions in 1 are filled
by an oxygen atom of a water molecule and a nitrato O
atom. Heptacoordination is not unusual for triazine-based
Mn"' compounds and has previously been observed in some
complexes with tris(2-pyridyl)triazine.[>!

The axial ligands in 1 are easily varied with retention of
the pincer-like motif, as shown by the isolation of 5 from
the reaction of L, Mn(NOs),*xH,O, and sodium dicyan-
amide. The molecular structure of 5 (Figure 1, middle) is
essentially identical that of 1 except the axial nitrate is re-
placed by a N-bound dicyanamide. The helical twist of the
basal coordination strand is similar to that in 1 (7.9° be-
tween the two planes N1-N5-N6-Mnl and N1-N8-N9-
Mnl). A feature to note is the cisoid conformation of the
NI1 and N12 atoms in 5, which is unusual as repulsion
between the N lone pairs should give rise to a transoid ori-
entation, as in 2,2'-bipyridine.?! It seems that there is hy-
drogen bonding between N12 to the water molecule of an
adjacent complex molecule [d(O1-+N12) = 2.774(2) A] in
the solid-state structure of 5; however, we do not discuss
hydrogen bonding interactions in detail because the
SQUEEZE routine was used in the crystallographic analysis
of 5 to remove disordered parts. In 3 (Figure 1, bottom)
both axial positions are occupied by EO bound azido li-
1241

WWW.eurjic.org



FULL PAPER

A. Das, S. Demeshko, S. Dechert, F. Meyer

Figure 1. ORTEP plots (30% probability thermal ellipsoids) of the
molecular structures of of 1 (top), 5 (middle), and 3 (bottom). Most
hydrogen atoms and counterions are omitted for clarity. Selected bond
lengths [A] and angles [°] for 1: Mn1-O1 2.158(4), Mn1-O4 2.162(4),
Mnl-NI 2.273(3), Mnl-N6 2.337(3), Mnl-N5 2.353(3), Mn1-N9
2.355(3), Mn1-N8 2.370(3); O1-Mn1-04 166.16(16), O1-Mnl-N1
79.15(15), O4-Mnl-N1 92.05(14), O1-Mnl-N6 111.60(16), O4-
Mn1-N6 82.21(14), N1-Mn1-N6 133.22(12), O1-Mn1-NS5 86.77(14),
O4-Mnl-N5 99.55(14), NI1-Mnl-N5 66.32(11), N6-Mnl-N5
68.99(11), O1-Mn1-N9 85.46(13), O4-Mn1-N9 93.16(14), N1-Mnl-
N9 133.64(11), N6-Mn1-N9 93.11(11), N5-Mn1-N9 156.16(12), O1—
Mn1-N8 83.07(15), O4-Mn1-N8 83.59(13), N1-Mn1-N8 65.95(11),
N6-Mnl-N8 156.41(12), N5-Mnl-N8 132.24(11), N9-Mnl-N8
68.95(11). Selected bond lengths [A] and angles [°] for 5: Mn1-N13
2.1840(17), Mnl-O1 2.1950(16), Mnl-N1 2.2760(14), Mnl1-N9
2.3480(15), Mnl-N5 2.3508(16), Mnl-N8 2.3665(15), Mnl-N6
2.3921(16); N13-Mnl-O1 178.43(6), N13-Mn1-N1 94.10(6), O1-
Mnl-N1 87.45(6), N13-Mn1-N9 93.98(6), O1-Mn1-N9 84.78(6),
NI1-Mnl-N9 133.38(5), N13-Mnl-N5 100.21(6), O1-Mn1-N5
80.60(7), N1-Mn1-N5 66.62(5), N9-Mn1-N5 154.71(6), N13-Mnl-
N8 88.35(5), O1-Mn1-N8 92.10(7), N1-Mn1-N8 65.56(5), N9-Mn1—
N8 68.88(5), N5-Mn1-N8 131.86(5), N13-Mnl-N6 83.90(6), O1—
Mnl-N6 95.18(7), N1-Mnl1-N6 133.46(6), N9-Mn1-N6 93.06(6),
N5-Mnl1-N6 68.04(6), N8-Mn1-N6 159.83(5). Selected bond lengths
[A] and angles [°] for 3: Mn1-N16B 2.178(15), Mn1-N16A 2.186(2),
Mnl-N13 2.2138(16), Mnl-N1 2.2854(16), Mnl-N5 2.3731(14),
Mnl-N9 2.3734(14), Mnl-N8 2.3837(15), Mnl-N6 2.4161(16),
01-+N13 2.834(2), O2A-N16A 2.835(3), O2B-N16B 2.61(2); N16B—
Mnl-N13 175.5(4), N16A-Mnl-N13 173.43(7), N16B-Mnl-Nl1
86.9(4), N16A-Mnl-N1 95.01(7), N13-Mnl-N1 89.40(6), N16B-
Mn1-N5 96.6(4), N16A-Mn1-N5 101.88(7), N13-Mn1-N5 84.28(5),
NI-Mnl-N5 66.18(5), N16B-Mnl-N9 96.3(5), N16A-Mnl1-N9
89.15(6), N13-Mnl1-N9 84.34(5), N1-Mn1-N9 133.15(5), N5-Mnl-
N9 157.35(6), N16B-Mnl-N8 82.9(4), N16A-Mnl1-N8 84.37(7),
N13-Mnl-N8 93.14(6), NI-Mnl-N8 65.51(5), N5-Mnl-N8
131.64(5), N9-Mn1-N8 68.55(5), N16B-Mnl-N6 90.3(4), N16A—
Mn1-N6 86.31(7), N13-Mn1-N6 94.14(6), N1-Mn1-N6 133.44(5),
N5-Mnl-N6  68.03(5), N9-Mnl-N6 93.37(5), N8-Mnl-N6
159.71(5), O1-HI1--NI13 176(3), O2A-H2A--N16A 169.4, O2B-
H2B-+N16B 144.3.
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gands. Here the helical twist characterized by the angle be-
tween the two planes N1-N5-N6-Mnl and N1-N8-N9-—
Mnl is 9.7°. Methanol solvent molecules are attached by
hydrogen bonds to the two metal-bound N atoms of the
axial azido ligands [d(O-*N) = 2.6 to 2.8 A].

The molecular structure of 2 is depicted in Figure 2. It
features two pincer-type subunits similar to 1, 3, and 5,
which are linked by a p-1,3 (EO) azide. A water molecule
occupies the remaining axial position at Mn2, and a nitrate
is O-bound to Mnl. This distinction causes some asym-
metry in the bimetallic array, which is also reflected by the
slightly different angles Mnl-N33-N34 and Mn2-N35-
N34 (155.1° and 149.9°, respectively). The dihedral angle
Mn1-N33-N35-Mn2 (1) is 156.9°.

Figure 2. ORTEP plot (30% probability thermal ellipsoids) of the
molecular structure of 2. Hydrogen atoms and counterions are
omitted for clarity. Selected bond lengths [A] and angles [°] for 2:
Mn1-N332.216(5), Mn1-O1 2.226(5), Mn1-N1 2.269(4), Mn1-N9
2.324(5), Mn1-N5 2.356(5), Mn1-N6 2.360(4), Mn1-N8 2.377(4),
Mn2-04 2.189(4), Mn2-N35 2.199(5), Mn2-N21 2.284(4), Mn2—
N26 2.366(4), Mn2-N29 2.372(5), Mn2-N28 2.376(5), Mn2-N25
2.392(5), Mnl1-+Mn2 6.560(1); N33-Mn1-O1 167.3(2), N33-Mnl—
N1 93.73(18), O1-Mn1-N1 80.23(16), N33-Mn1-N9 84.14(19),
O1-Mn1-N9 108.16(19), N1-Mn1-N9 132.81(16), N33-Mn1-N5
83.90(19), O1-Mnl1-N5 83.47(19), N1-Mn1-N5 66.30(15), N9—
Mnl-N5 158.14(15), N33-Mnl-N6 92.77(18), O1-Mnl-N6
83.69(16), N1-Mnl1-N6 133.92(17), N9-Mn1-N6 93.23(16), N5—
Mnl-N6 69.17(16), N33-Mnl-N8 103.63(17), OI1-Mnl-N8
84.30(17), N1-Mnl-N8 66.54(16), N9-Mn1-N8 68.26(15), N5—
Mnl-N8 132.60(15), N6-Mnl-N8 153.40(17), O4-Mn2-N35
169.71(18), O4-Mn2-N21 90.41(16), N35-Mn2-N21 99.11(18),
04-Mn2-N26 92.15(15), N35-Mn2-N26 84.21(17), N21-Mn2-
N26  133.14(17), O04-Mn2-N29 80.37(16), N35-Mn2-N29
90.27(18), N21-Mn2-N29 132.41(16), N26-Mn2-N29 94.04(16),
04-Mn2-N28 93.37(16), N35-Mn2-N28 87.09(17), N21-Mn2-
N28  65.53(16), N26-Mn2-N28 160.50(17), N29-Mn2-N28
68.53(15), O4-Mn2-N25 82.25(16), N35-Mn2-N25 105.12(18),
N21-Mn2-N25 66.01(15), N26-Mn2-N25 68.03(16), N29-Mn2-
N25 154.47(15), N28-Mn2-N25 131.29(15).

The polymeric chain of 4 determined by X-ray crystal-
lography is depicted in Figure 3 (top), with details of the
individual subunit shown at the bottom of Figure 3. Pincer-
type building blocks {LMn?>*} are connected by p-1,3 (EE)
azido ligands to give the anticipated extended 1D structure.
Structural parameters of the metal ions in 4 are very similar
to those of the dinuclear complex 2, except for the bond
angles involving the azide coligands. The angles Mnl'—
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NI15-N14 and Mnl-N13-N14 are almost identical (around
159°), which implies a symmetric p-1,3 azide binding mode.
The dihedral angle Mn1-N13-N15-Mn1’ (7) is 170.4°. This
angle is a major factor that determines the magnetic cou-
pling between the azide-bridged metal ions.[!

Mn1"

Figure 3. ORTEP plot (30% probability thermal ellipsoids) of the
molecular structure of single subunit (bottom) and the chain struc-
ture of 4 (top). Hydrogen atoms, counterions, and solvent mole-
cules are omitted for clarity. Selected bond lengths [A] and angles
[°] for 4: MnlI-NI15" 2.221(3), Mnl-N13 2.257(3), Mnl-NI
2.267(2), Mn1-N5 2.340(2), Mn1-N6 2.347(2), Mn1-N9 2.361(2),
Mnl-N8 2.361(2), N15-Mnl’' 2.221(3), Mnl-+Mnl’ 6.7116(4);
N15"-Mnl-N13 176.56(9), N15"-Mn1-N1 93.59(9), N13-Mn1-
N1 89.26(9), N15"'-Mnl-N5 99.93(9), N13-Mnl-N5 82.97(9),
NI1-Mnl1-N5 66.39(7), N15"'-Mnl1-N6 84.45(9), N13-Mn1-N6
94.93(9), N1-Mnl1-N6 134.33(8), N5-Mnl1-N6 69.06(7), N15''—
Mnl-N9 93.69(9), NI13-Mnl-N9 82.96(8), NI-Mnl-N9
132.96(8), N5-Mn1-N9 155.75(8), N6-Mn1-N9 92.63(7), N15"'—
Mnl-N8 84.31(8), N13-Mn1-N8 95.11(9), N1-Mn1-N8 65.99(7),
N5-Mnl1-N8 132.36(7), N6-Mnl-N8 157.41(8), N9-Mnl-N8
68.63(7). Symmetry transformations used to generate equivalent
atoms: (") 1+ x, 9,z ()1 +x, p 2

Comparison of all Mn—N or Mn-O distances in 1-5 re-
veals somewhat shorter bonds to the triazide moiety and
the coordinating O or N atoms in axial positions compared
to the Mn-N bonds involving the iminopyridine chelate
arms (Table 1). The N/O,,—~Mn-N/O,, angles are not far
from 180°, with the strongest deviation in case of 1 and 2
(Table 2). All bond lengths and angles are comparable with
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those reported for the structurally related macrocyclic Mn'!
complexes of 2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-
[12.3.1]octadeca-1(18),2,12,14,16-pentaecne in which the
metal atom is coordinated by seven donor atoms.[??]

Table 1. Selected bond lengths [A] for 1-5.

Atoms 1 20l R 4 5
Mnl-N1 20733) 22694) 22852) 2.267(2) 2.276(1)
2.284(4)

Mnl-N5 2353(3) 2.356(5) 2373(1) 23402 2.351(2)
2.392(5)

Mn1-N6 2337(3) 2360(4) 24162 2347(2) 2.392(2)
2.366(4)

Mnl-N8 23703) 2377(4) 23842  2361(2) 2.367(2)
2.376(5)

Mn1-N9 2355(3) 2324(5) 2373(1)  2361(2) 2.348(2)
2.372(5)

Mnl-N/O,, 2158(4) 2216(5) 21802)  2.221(3) 2.184(2)

2162(4) 2226(5) 2.192)  2257(3) 2.195(2)

2.189(4) 2214(2)
2.199(5)

Mn-Mn - 6.560(1) - 6.7124) -

[a] Mn1-Nx and Mn2-N2x. [b] N16A/B.

Table 2. Selected bond angles [°] for 1-5.
Atoms 1 2 30l 4 5

N0, Mn-N/O,, 166.2(2) 167.3(2) 173.5(1)  176.6(1) 178.4(1)
169.72)  175.5(4)

[a] Mn1-Nx and Mn2-N2x. [b] N16A/B.

Characterization of the series of complexes 1 >3—2—4
is noteworthy because this provides the structural basis for
all stages of the assembly of an azido-bridged 1D coordina-
tion polymer, starting from the Mn"! building block devoid
of the bridging units (1), attachment of the azido ligands
(3), dimer formation (2), and the final 1D chain system (4).

Infrared spectroscopy can be a useful tool to investigate
details of azide coordination. In accordance with the very
similar azido binding modes in 2-4, band positions in the
azide stretching region exhibit only minor variations in this
series of complexes. Compounds 3 and 4 give strong ab-
sorptions at 2037 and 2054 cm™!, respectively. However,
complex 2 shows two intense bands at 2108 cm™! and
2061 cm™'; this may possibly reflect the somewhat asymmet-
ric nature of the p-1,3 azido linkage in 2.

Magnetic Properties

Magnetic susceptibility data were collected for all the
complexes in the temperature range from 295 to 2.0 K. No
significant field dependence was observed when data were
measured at applied fields of 0.2 and 0.5 T. The temperature
dependence of the molar magnetic susceptibility yy and of
the product y\7 for all new complexes is shown in Fig-
1243
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ure 4. The observed yy T value at 295 K is 4.36 cm?> K mol ™!
(corresponding to an effective moment g = 5.91 pp) for 1,
4.26 cm>Kmol ™ (5.84 ug) for 3, 4.40 cm> Kmol™! (5.94 pg)
per metal ion for 4, and 4.35 cm?*Kmol! (5.90 pg) for 5.
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Figure 4. Plots of yy; (solid circles) and yy 7 (open circles) vs. tem-
perature for 1 (a), 3 (b), 5 (c), 2 (d), 4 (e), at 0.5 T. The solid black
lines represent the simulated curves.
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These values are close to the theoretical value expected for
a single high-spin Mn" ion with g = 2.0 (4.38 cm?*K mol™!
or fegr = 5.92 pg). For the binuclear complex 2, the observed
amT value at 295 K is 8.24 cm®* K mol ! (corresponding to
an effective moment uqp = 8.12 pg), which is slightly smaller
than the theoretical value expected for two uncoupled Mn'!
ions (8.75 cm?Kmol™" or per = 8.37 pg for g = 2.0). For
the mononuclear compounds 1, 3, and 5, the y\7 value
remains constant with decreasing the temperature and the
data obey the Curie law, confirming that there are no sig-
nificant intermolecular magnetic interactions between adja-
cent molecules. A slight decrease of y\7 at very low tem-
peratures may be due to saturation. For compounds 2 and
4 that feature p-1,3 bridging azido ligands, yp7 values
gradually decrease upon lowering the temperature and fi-
nally tend towards zero (Figure 4, d and e). This is typical
for overall antiferromagnetic coupling and an S = 0 ground
state. Experimental data were simulated using a fitting pro-
cedure to the appropriate Heisenberg-Dirac van Vleck
(HDvV) spin Hamiltonian according to Equation (1)3! (for
2) and (2)P4 (for 4).

H = -2J5,S, + gup(Sy + S»)B (1)
H=-27% 8-S )

Given the very similar metal ion environment in 1-5, the
g value for all complexes was uniformly fixed at 2.0 (which
is reasonable for high-spin Mn'"). This required including a
minor amount of diamagnetic impurity (DJ) in the fitting
procedure; temperature-independent paramagnetism (77P)
was also included. Table 3 summarizes the magnetic param-
eters obtained from best-fit analyses. The results confirm
that there exists an intramolecular antiferromagnetic ex-
change interaction between the Mn™ ions in both 2 and 4.

Table 3. Best fit parameters of magnetic data analysis for complexes
1-5.

g Jlem™']  DI[%]®  TIP[10°cm?*mol ']
1 20 - 1.6 150 (fixed)
2 2.0 -1.72 2.8 584
3 2.0 - 2.3 0
4 2.0 -1.02 0.6 1100
5 2.0 - 1.8 364

[a] TIP and DI were included according to yc.. = (1 — D)y + TIP.

Magnetostructural correlations for single p-1,3-azido-
bridged Mn!! complexes have revealed that two geometric
parameters, the Mn—-N-N angles and the dihedral angle ¢
along the azide ligand, are of major importance.[*>) Ex-
tended Hiickel molecular orbital (EHMO) calculations
showed that the antiferromagnetic coupling features a
maximum for Mn—-N-N angles close to 110°, but should
become very small for Mn—-N-N angles near 160°. Evalu-
ation of the effect of the torsion angle 7 affords similar
qualitative results: the antiferromagnetic interaction should
be maximized for a planar arrangement of the Mn!! ions
and the azido bridge, but should be minimized for large
torsion angles. The interesting conclusion derived from
these calculations is that the p-1,3-azido-bridged Mn!! com-
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Table 4. Some structural and magnetic parameters for dinuclear and 1D Mn!' compounds with single EE azido bridges.

Compoundsf@! Mn-N-N (deg.) 7 (deg.) J Ref.

4 158.9/159.0 170.4 -1.02 this work
[an(phen)4(u1’3-N3)(N3)2]BPh4'0.5H20 133.9/124.0 127.2 —-1.15 126]

2 155.1/149.9 156.9 -1.72 this work
[Mn(p, 5-N3)(dpyo)CI(H,0),]-nH,O 127.6/159.8 180 -1.75 (271
[an(Ll)s(Hl.3-N3)]n(C104)3n[b] 162.9 180 -1.8 28]
[Mn(H,O)(; 5-N3)(N3)(quinaz),], 142.6/137.3 180 -2.18 (291
[Mn(R/S-L),(1; 5-N3)],(C104),, 136.7/151.5 25.4 -2.35 1301
[Mn(L?)(1t; 3-N3)],.(PFy),, 125.2/118.8 143.3 2.4 (221
[Mn,(TLA)>(; 3-N3)(N3),](ClOy) 141.2 180 -2.99 31
[Mn(L3)( 3-N3)],(ClOy), 161.3/124.3 95.0 -3.3 (321

[a] phen = 1,10-phenanthroline, dpyo = 4,4'-dipyridyl-N,N’-dioxide, L' = [N,N’-bis(pyridine-2-yl)Jethane-1,2-diamine, quinaz = quinazol-
ine, R/S-L = R-pyridine-2-carbaldehyde-imine, L? = 2,13-dimethyl-3,6,9,12,18-pentaazaicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene,
TLA = tris(6-methyl-2-pyridyl methyl)amine, L3 is the bidentate Schiff base obtained from the condensation of pyridine-2-carbaldehyde
with 4-methoxyl aniline. [b] Dinuclear complex from magnetic point of view.

plexes, in contrast to Ni'l or Cu'! complexes, should always
be antiferromagnetic, even if the torsion angles are close to
90° or if the Mn—N-N angles are near to 160°. The reason
is that Mn"' complexes — apart from a main c-interaction
of the e,,-orbitals of the metal ions with nonbonding -
MOs of the azido bridge — a prn-drn interaction pathway
between the azido bridge and two of the #,, orbitals (d,.,
d,.) is active. While the c-interaction strongly depends on
the angle and becomes negligible for appropriate angles, the
m-interaction is always different from zero and therefore the
antiferromagnetic contribution to the overall coupling does
never fully disappear. Thus the geometric variations of the
central Mn'-azide core can only attenuate the strength of
the antiferromagnetic coupling but cannot change the sign
of the interaction. The analysis of all known dinuclear and
1D Mn!' compounds with a single EE azido bridge con-
firms this finding (Table 4).

The Mn-N-N angles are slightly more obtuse in 4
(158.9/159.0°) than those in 2 (155.1/149.9°). Consequently
the stronger coupling in 2 can be explained by a better over-
lap of the e,” orbitals of the Mn'! ions with nonbonding -
MOs of the azido bridge through c-interactions.

Conclusions

In this study, a new triazine-based ligand with threefold
symmetry and three potentially tridentate {N3} binding
pockets has been developed. In contrast to our original aim,
however, L was found to not bind three but only one single
Mn'! center, using one of the triazine N atoms and two of
its chelate arms. Molecular models suggest that the methyl
groups at the hydrazone N atoms may cause undesired
steric interactions with a metal ion bound to the adjacent
triazine N atom, thus disfavouring the involvement of the
latter N atoms in metal coordination.

Using Mn!! and azide as a complementary ligand, how-
ever, an interesting series of complexes with heptacoordin-
ate metal ions was isolated and fully characterized. This
comprises the basic {LMn!"} building block with labile
water and nitrato O ligands (1), a related mononuclear
complex with two azido ligands in axial positions (3), a di-
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mer where two {LMn'!} units are spanned by a p-1,3-azide
(2), and finally a 1D-polymeric Mn'azido chain system
(4). Taken together these complexes provide structural
snapshots for the assembly of a 1D coordination polymer
from well defined mononuclear entities. As expected, the p-
1,3-azido linkages mediate antiferromagnetic coupling be-
tween the Mn'" ions, albeit this is relatively weak, as ob-
served previously for Mn!! compounds with single EE azido
bridges. Subtle differences in the strengths of the coupling
can be related to the Mn—-N-N angles and the dihedral an-
gle 7 along the azide ligand, which are the dominant param-
eters in Mn"/azido magnetochemistry.

Experimental Section

Materials and Methods: Solvents were purified by established pro-
cedures.[*3 All other chemicals were purchased from commercial
sources and used as received. Microanalyses were performed by the
Analytical Laboratory of the Institute for Inorganic Chemistry at
Georg-August-University Gottingen using an Elementar Vario EL
II1. IR spectra were recorded using a Digilab Excalibur Series FTS
3000 spectrometer and UV/Vis spectra of solutions and solids (dif-
fuse reflectance) with a Varian Cary 5000 spectrometer at room
temperature. Mass spectra were measured using a Finnigan MAT
8200 (EI), a Finnigan MAT 95 (FAB-MS), or a Finnigan MAT
LCQ mass spectrometer (ESI-MS). NMR spectra were recorded
with a Bruker Avance 500 at room temperature ('H 200.13 MHz,
13C 50.3 MHz) and calibrated to the residual proton and carbon
signals of the solvent (CDCl; dy = 7.26 ppm, dc = 77.0 ppm). Mag-
netic data were measured with a Quantum-Design MPMS-5S
SQUID magnetometer equipped with a 5 T magnet in a range from
2 to 300 K. Samples were powdered, contained in a gel bucket, and
fixed in a nonmagnetic sample holder. Each raw data file for the
measured magnetic moment was corrected for the diamagnetic con-
tribution from the sample holder and the gel bucket. The molar
susceptibility was corrected for diamagnetic contributions using
Pascal’s constants and the increment method. 2,4,6-Tris(N-methyl-
hydrazino)-1,3,5-triazine was synthesized in close analogy to a pub-
lished procedure.['”]

2,4,6-Tris{[/N-methyl-N'-(pyridine-2-yl)methylidene]hydrazino}-
1,3,5-triazine (L): A stirring solution of 2,4,6-tris(N-methylhydraz-
ino)-1,3,5-triazine (1.3 g, 6 mmol, 1 equiv.) and pyridine-2-carbox-
aldehyde (1.73 mL,18.0 mmol, 3 equiv.) in methanol was heated to
1245
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reflux for 12 h, causing a white precipitate to form. This was col-
lected by filtration, washed with methanol, and dried in air; yield
2.70 g (94%). '"H NMR (500 MHz, [Dg]DMSO): § = 8.62 (s, 3 H),
8.13 (d, 3 H), 8.01 (d, 3 H),7.93 (m, 3 H), 7.4 (m, 3 H), 3.78 (s, 3
H) ppm. '3C{'H} NMR (125.75 MHz, [Dg]DMSO): § = 165.2,
154.4, 149.3, 139.7, 136.7, 123.6, 119.2, 30.9 ppm. IR (KBr): v =
1586 w, 1545 m, 1517 w, 1483 w, 1462 m, 1417 m, 1389 m, 1333
m, 1289 w, 1213 w, 1167 m, 1033 s, 987 w, 912 w, 774 w, 741 w,
625 w cm™'. MS (EI): m/z (%) = 480 (100) [M]*. Co4H,4N 5 (480.2):
caled. C 59.99, H 5.03, N 34.98; found C 58.92, H 5.44, N 35.05.

[Mn'(L)(NO3)(H,0)](NO3):'xCH30H (1): A solution of L
(100 mg, 0.208 mmol) and Mn(NOs3),*4H,0 (52 mg, 0.208 mmol)
in methanol (20 mL) was stirred for 1 h at room temperature. Light
yellow crystals of 1 were obtained by slow evaporation of the re-
sulting solution; yield 87 mg (62%). IR (KBr): ¥ = 3420 br, 1577
w, 1564 w, 1529 w, 1490 m, 1466 m, 1421 m, 1384 s (NO;3"), 1356
w, 1278 w, 1170 w, 1033 m, 905 w, 801 w, 778 cm™! w. MS
(ESI, MeOH): mlz (%) = 597 (36), [LMn(NO3)]".
C,4HosMnN4,0,-0.5CH;0H (693.5): caled. C 42.43, H 4.07, N
28.28; found C 42.13, H 4.16, N 28.51.

[Mn',(L),(N3)(NO3)(H,0)[(NO3),'xH,O (2): 2.3 equiv. of solid
Mn(NO3),4H,0 (60 mg, 0.260 mmol) were added to 1 equiv. of L
(50 mg, 0.104 mmol) in methanol (50 mL). The reaction mixture
was stirred for 1 h at room temperature before 1 equiv. of solid
sodium azide (7 mg, 0.104 mmol) was added. The light yellow solu-
tion became deep yellow within 5 min and was stirred for a further
2 h at room temperature. Plate-shaped yellow crystals of 2 were
obtained by slow evaporation of the solution; yield 55 mg (41%).
IR (KBr): ¥ = 3406 br, 2108 m (N57), 2061 (N3), 1576 w, 1562 w,
1528 w, 1489 m, 1463 m, 1421 m, 1385 m (NO3"), 1355 m, 1277 w,
1172 w, 1034 m, 905 w, 800 w, 778 w cm . C4sH4sMn,N3,0,o'H,O
(1333.0): calcd. C 43.25, H 3.78, N 31.52; found C 43.17, H 4.04,
N 32.29.

Table 5. Crystal data and refinement details 1-5.

[Mn''(L)(N3),]-2CH30H (3): 1equiv. of solid Mn(NOs),4H,0O
(26 mg, 0.104 mmol) was added to 1equiv. of L (50 mg,
0.104 mmol) in methanol (50 mL). The reaction mixture was stirred
for 1 h at room temperature before 2 equiv. of solid sodium azide
(14 mg, 0.208 mmol) were added. The light solution became deep
yellow within 5 min and was stirred for a further 2 h at room tem-
perature. Plate-shaped yellow crystals of 3 were obtained by slow
evaporation of the solution; yield 55 mg (77%). IR (KBr): ¥ = 3425
br, 2037 s (N37), 1576 w, 1561 w, 1526 w, 1492 m, 1466 m, 1424 m,
1398 m, 1359 m, 1345 w, 1277 w, 1168 m, 1037 m, 1005 w, 920 w,
906 w, 799 w, 782 w, 748 w, 694 w cm!. C,4,H,4sMnN 5:0.5CH;OH
(635.5): caled. C 46.30, H 4.12, N 39.67; found C 46.15, H 3.95, N
41.14.

[Mn"(L)(N3)],(NO3),-nCH30H (4): 1equiv. of solid Mn(NO3),:
4H,0 (26 mg, 0.104 mmol) was added to a solution of 1 equiv. of
L (50 mg, 0.104 mmol) in methanol (50 mL). The reaction mixture
was stirred for 1h at room temperature before 1 equiv. of solid
sodium azide (7 mg, 0.107 mmol) was added. The light yellow solu-
tion became deep yellow within 5 min and was stirred for a further
2 h at room temperature. Light yellow crystals were obtained by
slow evaporation of the solution; yield 57 mg (82%). IR (KBr): ¥
= 2054 s (N3), 1574 w, 1562 w, 1526 w, 1491 m, 1467 m, 1422 m,
1384 s (NO5"), 1355 m, 1342 w, 1278 w, 1174 m, 1035 m, 990 w,
906 w, 799 w, 780 w, 637 w cm!. CyH,,MnN;05:0.5CH;0OH
(655.5): caled. C 44.89, H 4.00, N 34.19; found C 43.99, H 4.12, N
34.15.

[Mn"'L(dca)(H,0)|(NO3)-xCH;OH-xH,O (5): 1equiv. of solid
Mn(NO3),*4H,0 (26 mg, 0.104 mmol) was added to a solution of
1 equiv. of L (50 mg, 0.104 mmol) in methanol (50 mL). The reac-
tion mixture was stirred for 1 h at room temperature before 1 equiv.
of solid sodium dicyanamide (9 mg, 0.107 mmol) was added. The
light yellow solution became deep yellow within 5 min and was
stirred for a further 2 h at room temperature. Yellow crystals of §

1 2 3 4 5
Empirical formula C24H26MHN14O7 C4gH4gMH2N30010 C26H32MHN1802 C25H28MHN1604 C26H26MHN1(,O4
Formula weight 677.53 1315.04 683.64 671.57 681.57

Crystal size [mm?]
Crystal system

0.50<0.48 X 0.44
triclinic

0.24 X 0.18 X 0.06
triclinic

0.41x0.22%0.16
triclinic

0.50%0.34x0.13
triclinic

0.50<0.28 X 0.24
triclinic

Space group P1 (No. 2) P1 (No. 2)
a[A] 7.6447(6) 14.2328(12)

b [A] 14.3390(10) 14.4951(10)
c[A] 14.4515(10) 15.2225(11)

a ] 84.139(6) 93.583(6)

L] 86.797(6) 103.199(6)

7 [°] 82.866(6) 95.415(6)
V(A3 1562.2(2) 3032.4(4)

V4 2 2

p [g/lem?) 1.440 1.440

F(000) 698 1352

u [mm] 0.488 0.497
Tmin/Tmax - -

0 range [°] 1.42-26.79 1.77-27.06
hkl range +9, -16-18, =18  -18-14, =18, £19
Measured reflections 19573 25953

Unique reflections [Rint] 6626 [0.0327] 12993 [0.1641]
Observed refl. [1>20(])] 5443 7703
Data/restraints/parameters  6626/26/417 12993/28/803
Goodness-of-fit (F?) 1.024 1.009

R1, wR2 [I>2c(])]
R1, wR2 (all data)
Residual el. density [e/A3]

0.0811, 0.2172
0.0916, 0.2251
-1.031/1.184

0.0922, 0.2264
0.1458, 0.2554
-1.138/1.093

P1 (No. 2) P1 (No. 2) P1 (No. 2)
11.2636(5) 6.7116(4) 10.4827(4)
12.7851(6) 14.4431(10) 12.6223(4)
13.4006(6) 15.0108(10) 14.2137(5)
115.026(3) 92.697(6) 77.851(3)
108.553(4) 98.606(5) 72.139(3)
99.712(4) 92.980(5) 69.838(3)
1550.96(12) 1434.55(16) 1668.78(10)
2 2 2

1.464 1.555 1.356

710 694 702

0.484 0.525 0.453
0.8059/0.9460 0.7314/0.9032 -

1.85-26.97 1.37-26.78 1.52-26.73
~14-12, 16, -16-17 -8-7, +18, +18  —13-12, *15, =17
17581 16376 21976

6728 [0.0657] 6091 [0.0499] 7065 [0.0485]
5794 4687 6338
6728/3/423 6091/0/421 7065/2/433
1.041 1.041 1.064

0.0409, 0.1066
0.0487, 0.1108
—0.724/0.640

0.0531, 0.1391
0.0705, 0.1501
—1.064/0.574

0.0430, 0.1169
0.0466, 0.1187
-0.662/0.682
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were obtained by slow evaporation of the solution; yield 57 mg
(82%). IR (KBr): ¥ = 3420 br, (OH), 2061 w (dca), 2215 w (dca),
2154 s (dca), 2133 s (dca), 1565 m, 1563 m, 1528 w, 1492 m, 1466
m, 1425 m, 1396 w, 1384 s (NO5"), 1356 m, 1280 w, 1171 m, 1041
m, 906 w, 775 w cm™!. C,sH6MnN;4O4:1.5H,0 (708.6): calcd. C
44.07, H 4.13, N 31.63; found C 43.90, H 4.12, N 34.05.

X-ray Crystallography: Crystal data and details of the data collec-
tion are given in Table 5. X-ray data were collected with a STOE
IPDS 1II diffractometer (graphite-monochromated Mo-K,, radia-
tion, 4 = 0.71073 A) using w scans at —140 °C. The structures were
solved by direct methods and refined on F? using all reflections
with SHELX-97.13% Most non-hydrogen atoms were refined aniso-
tropically. Most hydrogen atoms were placed in calculated positions
and assigned to an isotropic displacement parameter of 0.08 A2
The positional and isotropic thermal parameters of the hydrogen
atom bound to Ol in 3 were refined without any restraints or con-
straints. In 1 and 5 DFIX restraints (do 1; = 0.82 A) were applied
and oxygen bound hydrogen atoms were refined with a fixed iso-
tropic displacement parameter of 0.08 A2 Hydrogen atoms of the
water molecule in 2 could not be located. Disordered nitrate ions in
1 [occupancy factors: 0.644(7)/0.356(7)] and 2 [occupancy factors:
0.545(9)/0.455(9) and 0.554(8)/0.446(8)] were refined with SADI
(dn_0» do--o) and FLAT restraints and EADP constraints. In 3 one
azide and one methanol solvent molecule are disordered over two
positions [occupancy factors: 0.872(3)/0.128(3)]. SADI restraints
(dn-~ de_o) and EADP constraints were used to model the disor-
der. Atoms of the disordered parts were refined isotropically. No
satisfactory model for the disorder could be found for the disor-
dered solvent molecules (H,O and/or methanol) in 1, 2, and 5. For
further refinement, the contribution of the missing molecules was
subtracted from the reflection data by the SQUEEZEP?! routine of
the PLATONE® program. Face-indexed absorption corrections for
3 and 4 were performed numerically with the program X-RED.P7]

CCDC-795360 (for 1), -795361 (for 2), -795362 (for 3), -795363 (for
4), and -795364 (for 5) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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