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Reaction of the complex [Ni(rac-CTH)]** (rac-CTH rac-
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) with
[Fe(CN)s]*~ leads to a novel cyano-bridged NisFe, complex,
{[Ni(rac-CTH)]s[Fe(CN)¢]-} 4. The structure consists of an alternating
arrangement of { Fe(CN)sNi(rac-CTH)}, squares and trans-planar
[Ni(rac-CTH)]** units bridged by cyanide groups to give a neutral
1D chain running along the a axis. Magnetic measurements reveal
the occurrence of ferromagnetic coupling between Fe'' and Ni
ions and 3D magnetic ordering at 3 K due to interchain interactions.
Canting of the moments is inferred from the low value of the
magnetization of the saturation below T..

In recent years, much research interest has been focused

on the application of homo- and heteroleptic cyanometalates
as building blocks for cyanide-bridged bimetallic assemblies
with intriguing structures and interesting magnetic, magneto-
optical, and zeolitic propertidsAmong these systems, those
prepared from [M(CNj®~ (Cr", Mn"', Fé", and Cd') and
coordinatively unsaturated complexedM(M' = Ni", Mn'",

Cu'; Ly = polyamine, tetraazamacrocyclic ligand, Schiff
base, etc.) generally are '#Wl, based polymeric com-
pounds’~13 which have been assembled on the basis of the
charge ratio 2:3 of the cation and anion. The dimensionality
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and topology of these MM, assemblies strongly depend on
the nature of M.y (number and disposition of empty or
available coordination positions on'Moordination geom-
etry, volume of the ligands, etc.) and the connectivity of the
hexacyanometalate building block (number and arrangement
of M'Ly units around M). Thus, for cyanide-bridged M,
complexes containing [ML)2]?" (L = diamine) or [M(L)]™"

(n = 2, 4; L = tetraazamacrocyclic ligand) units with two

(5) Ferlay, S.; Mallah, T.; Vaisserman, J.; Bartolgnke; Veillet, P.;
Verdaguer, MChem. Commurli996 2481. Marvilliers, A.; Parsons,
S.; Rivige, E.; Audige, J. P.; Kurmoo, M.; Mallah, TEur. J. Inorg.
Chem.2001, 1287. Colacio, E.; Dofmguez-Vera, J. M.; Ghazi, M.;
Kivekas, R.; Lloret, F.; Moreno, J. M.; Stoeckli-Evans, Bhem.
Commun.1999 987. Kou, H.-Z.; Gao, S.; Bu, W.-M.; Liao, D.-Z.;
Ma, B.-Q.; Jiang, Z.-H.; Yan, S.-P.; Fan, Y.-G.; Wang, GJLChem.
Soc., Dalton Trans1999 2477. Kou, H.-Z.; Gao, S.; Liao, D.-Z;;
Jiang, Z.-H.; Yan, S.-P.; Fan, Y.-G.; Wang, G.JL.Chem. Soc., Dalton
Trans.200Q 2996. Kou, H. Z.; Gao, S.; Bai, O.; Wang, Z.-Morg.
Chem.2001, 40, 6287. Chen, Z.; Zuo, J.-L.; Shi, F.-N.; Xu, Y.; Song,
Y.; You, X.-Z.; Raj, S. S.; Fun, H.-K.; Zhou, Z.-Y.; Che, C.-M.
Transition Met. Chem2001, 26, 345.

Kou, H. Z.; Gao, S.; Ma, B.-Q.; Liao, D.-ZZhem. Commur200Q

1309.

Bellouard, F.; Clemente-LeoM.; Coronado, E.; GaleMascafs, J.

R.; Ganez-Gar@a, C. J.; Romero, F.; Dunbar, K. Eur. J. Inorg.

Chem 2002 1603. Coronado, E.; Guez-Garta, C. J.; Nuez, A,

Romero, F.; Rusanov, E.; Stoeckli-Evans,likbrg. Chem 2002 41,

4615.

(8) (a) Smith, J. A.; GalaMascars, J.-R.; Cleac, R.; Sun, J.-S.; Ouyang,
X.; Dunbar, K. R.Polyhedron2001, 20, 1727. (b) Berlinguette, C.
P.; Smith, J. A.; Gdla-Mascafs, J. R.; Dunbar, K. RC. R. Acad.
Sci., Ser. llc: Chim2002 5, 665. Berlinguette, C. P.; GaleMascars,
J. R.; Dunbar, K. RInorg. Chem 2003 42, 3416.

(9) Langenberg, K. V.; Batten, S. R.; Berry, K. J.; Hockless, D. C. R.;
Moubaraki, B.; Murray, K. Slnorg. Chem 1997, 36, 5006.

(10) Kou, H.-Z.; Liao, D.-Z.; Cheng, P.; Jiang, Z.-H.; Yan, S.-P.; Wang,
G.-L.; Yao, X.-K.; Wang, H.-GJ. Chem. Soc., Dalton Tran£997,
1503. Fu, D. G.; Chen, J.; Tan, X. S.; Jiang, L. J.; Zhang, S. W.;
Zheng, P. J.; Tang, W. Xnorg. Chem.1997, 36, 220. Ferbinteanu,
M.; Tanase, S.; Andruh, M.; Journaux, Y.; Cimpoesu, F.; Strenger,
I.; Riviere, E.Polyhedron1999 18, 3019.

(11) Smith, J. A.; Gdla-Mascars, J. R.; Cleac, R.; Dunbar, K. RChem.
Commun200Q 1077. Théot, F.; Triki, S.; Pala, J. S.; Goez-Garaa,

C. J.; Golhen, SChem. Commur2002 1078.

(12) El Fallah, M. S.; Rentschler, E.; Caneschi, A.; Sessoli, R.; Gatteschi,
D. Angew. Chem., Int. Ed. Endl996 35, 1947. Ohba, M.; Yamada,
M.; Usuki, N.; Okawa, H.Mol. Cryst. Lig. Cryst.2002 379 241.
Kuo, H.-Z.; Gao, S.; Zhang, J.; Wen, G.-H.; Su, G.; Zheng, V.; Zhang,
X. X. J. Am. Chem. So@001, 123 11809.

(13) Curtis, N. FJ. Chem. Socl964 2644.

(6)

(7

~

10.1021/ic0343071 CCC: $25.00  © 2003 American Chemical Society

Published on Web 10/09/2003



COMMUNICATION

availabletrans coordination positions, a relatively limited
number of Ms;M, structural types have been observed:
pentanucleat,1D (rope-ladder chaif,zig-zag alternating
cationi@ and anionié chains), and 2D (honeycom brick-
wall® and rectanguldigrid). Coordinatively unsaturated ML
complexes with at least twais available coordination
positions, however, have been infrequently used as building
blocks in the design of cyano-bridged bimetallic assemblies,
despite the fact that new and interesting architectures can
be obtained (pentanuclear and decanuclear containing square
M,M’, unitsé pentanucleat, 1D double zigzag cationic
chainl® intricate 20 and 30?2 networks, etc.). In view of
this, we have envisaged the use of hexacyanometalate to
connect high thermodynamically stable 'INP* units (L =
tetraazamacrocycle) that can adopt kioéims-planar anctis-
folded configurations. We think that, in a first step, the folded
configuration might lead to cyanide-bridged cyclic structures
containing terminal cyanide groups, which, in a second step,
might connect other folded or planar [M?" units increasing
the dimensionality and leading to novel systems. Along this . ) )
end, we are using [I\(Irac-CTH)]2+ (rac-CTH =rac-5,7,7,- Fe—Nl—_Fe and N1—Fe_—N| angl_es_ of 920(6’)and 880(6‘),
12,14,14-hexamethyl-1,4,8,11-tetraazacyclo tetradecane) bu"d_respectlvely._ Iro_n(III) ions exh|p|t a slightly distorted octa-
ing blocks for the synthesis of new cyano-bridged bimetallic hedral coordination geometry with £€ and C-Fe—C bond
assemblies. Herein we report the synthesis, crystal structure distances and angles similar to those observed for other
and magnetic properties piNi(rac-CTH)Js[FE(CN}2} o, 1, complexes c_ontammg [F_e(C&H‘ bridging units. Nlpke!—
a novel one-dimensional cyano-bridged compound which () ions exhibit a NiN dlstort.ed octahedral coordination
exhibits an unusual structure and ferromagnetic ordering. €nvironment, made of four nitrogen atoms froec-CTH

The reaction of an orange water solution (20 mL) of ligand and two nitrogen cyanide atoms, witls andtrans
[Ni(rac-CTH)](CIO,), *3 (0.2 mmol) and an agueous solution angles in the ranges 80'6(510_6'8(57 and 16,6'1(5'}
(15 mL) of Kg[Fe(CN)] (0.2 mmol) leads to a brown solution 173.0(5}, respectively, and NiNmaco bond distances
which when kept at room temperature for several days (2:12(1)-2.17(2) A) longer than f[he_@Jamdeones (2.09(1)
affords brown crystals ofl (IR vCN/cnT: 2155, 2108) and 2.10 _(1) A). The macrocyclic _Ilgand_ adopts a folded
suitable for X-ray analysi4 (yield ca. 30%). conformation, and then, the cyanide nitrogen atoms are

The structure consists of an alternating arrangement Of:situated incis positions. The size of the square is of the same
{ Fe(CN)Ni(rac-CTH)}, squares antrans-planar [Nifac- order as that observed for [Reb(u-CN)(bpyk|(PFe)s CHs-

\ ) ) : CN-2CHCL.*®> Square units are further connecteditans
CTH)]?" units bridged by cyanide groups to give a neutral . ot :
1D chain running along tha axis (see Figure 1). Within [Ni(rac-CTH)]"" ions through one of the cyanide groups of

. . . ) ) each [Fe(CNJ® unit to form the chain, with the cyanide
the squares units, Nand Fé&' ions are alternatively bridged L : . o
by cyanide groups, with Be-Ni' distances of 5.13(1) and bridging groups of the tridentate [Fe(GJ¥) anion exhibiting

4.99(5) A and Ni--Ni' and F&'---Fe' distances of a mer disposition. A similar extension of the structure by

7.03(4) and 7.27(1) A, respectively. In the bridging region addition of extra ML building blocks to_ square &, units
. has been recently shown to occur in the pentamer and
of the square units, FEC—N bond angles are 172.4(%6) decamer  compounds { [Ni(bpy)a(H:0)]INi(bpy)Jz[Fe
and 169.7(15)whereas &N—Ni angles are 172.9(1%and 2\ 2 e
g0ty ’ (A#And Ny} and {[zn(phenylIFe(CN)) A [Zn(phen)][Zn-
TH g ‘ ¢ he b (phen}(H,0)][Fe(CN)]} 28> The Fe-C—N and Ni-N—C
f1h N exsten;:e of a center OI symmetr;l/j att Ei aryce_zr;]terangles in the bridging region are 166.5(18hd 158.5(16),
of the square forces Eldi> metal atoms to be coplanar wit respectively, with an Fe-Ni distance of 4.99(18) A. Ni

: ; . — ions of trans-[Ni(rac-CTH)]?>" units, which are placed on
(14) Crystallographic analysis fdr (CsoH111N2401 sNizFey): monoclinic, . . i
space groufP2:/n, a = 16.224(2) Ab = 16.1250(15) Ag = 16.815 an inversion center, exhibit a tetragonally compressed
(3) A, B =112.194 (18), U = 4081.8(10) R, Z = 2, D, = 1.205 g distorted geometry with the in plane NNpyaco bond

cm=3, u(Mo Ka) = 1.076 mmr?, F(000)= 1574,T = 153(2) K, Stoe . NTET

image plate diffraction system, Modradiation ¢ = 0.71069 A), distances of ab_OUt 2.1 A and Mn_'de Ni distances of
20max= 52.1°, 31721 reflections measured, 7969 of which were unique 2.08(2) A. Thecis bond angles are in the range 84.8(7)
(Rnt = 0.1775). The structure was solved by direct methods and refined ;

onF2 by the SHELX-97° program. An empirical absorption correction .95'2(107’ whereastrans angles have crystallographically
was applied, and the SQUEEZE routine in PLAT®Mas used, 31 imposed values of 180

electrons for a volume of 613 3 This was equated to 3 water Chains running along tha axis are not isolated but

molecules per unit cell. Only the iron and N atoms were refined . . .
anisotropically. The whole molecule undergoes considerable thermal connected by hydrogen bonds involving one of the terminal

motion especially the moiety involving atom Ni2. The final refinement
gave R = 0.0806 andR, = 0.1670, 1149 observed reflections (15) Oshio, H.; Tamada, O.; Onodera, H.; Ito, T.; Ikoma, T.; Tero-Kubota,
(I > 20(1)), and 244 variables. S. Inorg. Chem.1999 38, 5686.

Figure 1. A view of the chains arrangement and hydrogen bonds
interactions (- - -) in theab plane of1.
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Figure 2. Temperature dependencey@fT for 1. The solid line does not
represent a fitting and is just for eye-guide. In phagg'X and out-of-
phase fm'') ac magnetic susceptibilities (inset).

cyanide groups of a chain and one of the NH groups of a
folded [Ni(rac-CTH)]?" unit of the neighboring chain, with
N8:-N2 and N8+-N4' (i = 15— x, —05+ vy, 0.5— 2)

It should be noted that, in one of the directions perpen-
dicular to the chain axis, the shortest interchain separation
(6.74(4) A) involves the P& ions of a chain and one of the
Ni" ions of the FeNi, square unit of the adjacent chain. This
disposition is similar to that found in other chains that exhibit
a three-dimensional ferromagnetic orderiig.

In this case, the interchain interactions (dipolar and
hydrogen bonds) promote the observed 3D order. The
ordering temperature is lower than those found in other
neutral NiFe, systems;”*?mainly as a consequence of the
lower dimensionality ofl. The field dependence of the
magnetization (65 T) measured at 1.9 K reaches &R
value of 5 N3 at 5 T, which is smaller than the saturation
value Mo ca. 8-9 Np) expected for a ferromagnetic {Rie;
system Mo = 3gni + Ore). This low value may be indicative
of a canted ferromagnet which would be related to the fact
that the planes of the Bdi, square units, belonging to two
adjacent chains, make an angle of about @3s = My cos
59°), assuming that the magnetic moment in each chain is
perpendicular to the square plane. Similar magnetic phe-
nomena have also been observed in one-dimensiorfal Ni

distances of 3.07(3) and 3.117(1) A. As a consequence of,:eu’ and M systems in which the planes orthogonal to the

these hydrogen bond interactions in gieplane, neighboring
chains are turned by 83with respect to each other and
shifted by half of a square unit, the shortest interchain metal
metal distance being 6.74 A (Figure 1). It has been only quite
recently that a relatively similar structure has been reported
for a cyano-bridged MtMoV bimetallic compound, which
was prepared in a less controlled manner from [Mo(§N)
and a DMF solution containing Mng&hH,O and 2,2
bipyridine 16

The temperature dependence of tagl product per
NizF& unit in the range 2300 K, under an applied field of
0.025 T is shown in Figure 2. ThguT at room temperature
of 5.3 cn® mol~* K is higher than that expected for isolated
Fe" and Ni' ions of 3.75 crimol™t K with gre = gni = 2,
which is due to the orbital contribution of the low-spin''Fe
ions. As the temperature is lowereg, T decreases smoothly
until 60 K, and below this temperature, it increases. This
slight decrease afuT, in the high temperature range, can
be attributed to the well-known spitrorbit coupling of the
2T,q ground ternt. Below 60 K, theyw T increases smoothly

and then sharply with decreasing temperature, reaching a Supporting Information Available:

maximum value of about 65 chmol™! K (22.6 ug) at about

3 K. This behavior is indicative of a ferromagnetic interaction
between F# and Ni' (strict orthogonality between.fe,?

Ni'" and t,°e,° low-spin Fé' magnetic orbitals) and sugges-
tive of the existence of magnetic ordering. Below 3 K, the
magnetization is strongly dependent on the magnetic field,
soymT decreases rapidly with temperature due to saturation
effects rather than to zero-field splitting effects on Ni(ll) ions.
In-phase and out-of-phase ac dynamic susceptibility mea-
surements (inset, Figure 2) confirm the ferromagnetic order-
ing at 3 K and reveal no significant frequency dependence
of the position of the maximum, thus excluding the occur-
rence of slow magnetic relaxation.
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magnetic moment on two neighboring chains make angles
between 66 and 90.%8 At 2 K, this ferromagnet exhibits a
small magnetic hysteresis with a coercive field lower than
25 Oe, typical of a soft magnet.

It is interesting to note that this type of anisotropic
ferromagnetic chain is the subject of special attention because
these chains exhibit slow relaxation and hysteresis effécts.
To observe these magnetic features, the chains must be highly
anisotropic and well isolated from each other. Compolnd
however, exhibits 3D ferromagnetic ordering at 3 K, due to
interchain interactions, which precludes the occurrence of
slow magnetic relaxation effects. Studies on similar systems,
prepared from building blocks that incorporate highly aniso-
tropic metal ions, such as [Mn(C§J~ and [Cofac-CTH)]?*,
are in progress.
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