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Seven new cyano-bridged heterometallic systems have been prepared by assembling [M'(rac-CTH)]™ complexes
(M" = Cr", Ni", Cu"), which have two cis available coordination positions, and [M(CN)s]*~ (M = Fe", Cr'") and
[Fe(CN),(bpy),]* cyanometalate building blocks. The assembled systems, which have been characterized by X-ray
crystallography and magnetic investigations, are the molecular squares (meso-CTH-H,)[{ Ni(rac-CTH)} ,{ Fe(CN)e)} 5]
5H,0 (2) and [{ Ni(rac-CTH)} { Fe(CN)a(bpy).} 2](ClO4)4-H20 (5), the himetallic chain [{ Ni(rac-CTH)} »{ Cr(CN)g)} 2Ni-
(meso-CTH)]-4H,0 (3), the trimetallic chain [{ Ni(rac-CTH)}»{ Fe(CN))}2Cu(cyclam)]-6H,0 (4), the pentanuclear
complexes [{ Cu(rac-CTH)} s{ Fe(CN)g)} 2]+2H20 (6) and [{ Cu(rac-CTH)} s{ Cr(CN)e)} 2]+ 2H,0 (7), and the dinuclear
complex [Cr(rac-CTH)(H,0)Fe(CN)g]-2H,0 (8). With the exception of 5, all compounds exhibit ferromagnetic interaction
between the metal ions (Jreni = 12.8(2) cm~? for 2; Jirecy= 13.8(2) cm~* and Jorecy= 3.9(4) cm~* for 6; Jicicy=
6.95(3) cm™! and Jerey= 1.9(2)cm~! for 7; Jore = 28.87(3) cm~! for 8). Compound 5 exhibits the end of a
transition from the high-spin to the low-spin state of the octahedral Fe' ions. The bimetallic chain 3 behaves as a
metamagnet with a critical field H, = 300 G, which is associated with the occurrence of week antiferromagnetic
interactions between the chains. Although the trimetallic chain 4 shows some degree of spin correlation along the
chain, magnetic ordering does not occur. The sign and magnitude of the magnetic exchange interaction between
Cr'"and Fe" in compound 8 have been justified by DFT type calculations.

Introduction strategy to prepare this kind of system consists of the self-

In recent years, much research effort has been devoted tSSe€mply of specifically designed precursors, typically a
the synthesis and characterization of multidimensional cyano-Cyanometalate complex that acts as a ligand and a transition
br|dged metal Comp|exés'|'he most common and controlled metal Complex with free or available coordination sites for
the nitrogen atoms of the cyanide groups. Thus, the reaction
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biosensor$, host-guest chemistry, nanosized magnetic
materials’ etc. The crystallization of the Prussian-blue

Rodriguez-Digguez et al.

these systems, those exhibiting very slow relaxation of their
magnetization, such as anisotropic large-spin paramagnetic

analogues, however, is very difficult, and therefore, structural molecules that behave as SMM (single-molecule magiiets)

information is very limitec® More crystalline bimetallic

and large-spin anisotropic well-isolated 1D systems that

compounds with reduced dimensionality can be obtained by behave as SCM (single-chain magnétsyye of particular
using polydentate end-cap ligands that block some metalresearch interest. For instance, it has been recently shown

coordination positions (either on M or 'Mand restrict the

that cyano-bridged F&Ni'", (molecular square¥® Fe'',Ni'"

spatial extension of the structure. Following this route, a great (bent)¢cMn''sFe!' s (molecular wheel}$ Mn"Cr''¢ (trigonall
variety of cyano-bridged bimetallic compounds have been prismatic)t¢Mn",Mn'"", (bpyramidal trigonal}®dand Mn'" ;-
prepared, which are playing an important role in areas suchFe'" (T-shapedf9 clusters exhibit SMM behavior, whereas

as highT, magnetic material¥, photoinduced magnetist,
spin-crossover (SCO) materidfkshost-guest chemistry3
vapochromic material, magnetochirality® etc. Among
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cyano-bridged Fe/M#,¢ Fe/Cot’@Pand Fe/Cl'® bimetallic
chains show SCM behavior. The dimensionality and topology
of these assemblies strongly depends on the nature qf ML
(number and disposition of empty or available coordination
positions on M, coordination geometry, volume of the
ligands, etc.) and the connectivity of the cyanometalate
building block (number and arrangement of Minits around
M’). It should be noted that the assembly of coordinatively
unsaturated Mk metal complexes having two available cis
coordination positions and cyanometalates has been shown

p_to be particularly fruitful in the preparation of high-nuclearity
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Cyano-Bridged Bi- and Trimetallic Complexes

Chart 1 Experimental Section
R 8 Materials. The ligandsrac- and meseCTH were prepared
. ° according to published metho&sThe complexes [Niac-CTH)]-
S (ClO4)2, [Ni(meseCTH)](ClOy),, [CrCly(rac-CTH)]CI, [Cu(rac-

CTH)](CIOy),, and [Cu(cyclam](CIQ), were prepared according
to experimental methods already descriB&a@? [F€" (CN)x(bpy)]-
(NO3) and (EtN)s[Fe(CN)] were synthesized according to refs 25
NH HN NH HN and 26, respectively. All other reagents were purchased from
R. ° commercial sources and used as received.
S \\\\\\\“‘R .(meseCTH-H 2)[{Ni(rac-CTH) } o Fe(CN.)s} 2]*5H,0 (2). A so-
lution of K3[Fe(CN)] (0.03 g, 0.09 mmol) in methanelwater (1:

1, 20 mL) was slowly added to a solution of [Ka¢-CTH)](CIO,),
rac-CTH meso-CTH (0.05 g, 0.09 mmol) in the same mixture of solvents (20 mL) with

continuous stirring (the color of the solution changed from yellow
molecules with diverse geometry (squares, extended squareso brown). The solution was stirred for 5 min before soldese
trigonal bpyramidal, extended trigonal bpyramidal, etc.) and CTH-H,)Cl, (0.014 g, 0.038 mmol) was added. The resulting orange
a high-spin ground staf@e16¢d188earing this in mind, we  solution kept at room temperature for 2 days provided well-
have decided to use cyanometalate complexes to connect thgeveloped brown crystals, which were filtered off and air-dried;
highly thermodynamically stable [M{c-CTH)]™ complexes ~ Yield 17%. IR (KBr pellets):vcy = 2113, 2158 cm'. Anal. Calcd
(rac-CTH = rac-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraza- 10" CoottraNaNioFeOs: C, 48.47; H, 8.13; N, 22.61. Found: C,

. . - 48.52; H, 8.02; N, 22.23.
cyclotetradecane), which can adopt the cis-folded configu- P P .
rgtion (Chart 1). ) P 9 [{Ni(rac-CTH)} o{ Cr(CN)¢)}2Ni(meseCTH)] -4H,0 (3). X-ray-

. i quality crystals of this compound were grown in a methanater
In principle, the assembly of the cis-folded [M(- (1:1) mixture by slow diffusion in a H-tube of a solution containing

CTH)J?" cation and the hexacyanometalate anion might lead [Ni(rac-CTH)](CIO)» (0.05 g, 0.09 mmol) and [NieseCTH)]-

to cyanide-bridged molecular squares containing terminal (ClO,), (0.025 g, 0.045 mmol) at one arm and a solution gf K
cyanide groups, which might further connect either cis-folded [Cr(CN)g] (0.03 g, 0.09 mmol) at the other one. After2 weeks
or trans-planar [M]"* units, increasing the dimensionality  on standing at room-temperature, pink crystal8 éfrmed. Yield:
and giving rise to novel magnetic systems. These molecular5%. IR (KBr pellets): vey = 2131, 2151 cm'. Anal. Calcd for
square-based cyano-bridged systems might eventually exhibitCeoH116N2aNisCr:04: C, 47.48; H, 7.70; N, 22.15. Found: C, 47.24;
SMM or SCM behavior. The successful isolation of a 1D H: 7-56; N, 22.05. _
cyano-bridged NFe, system constructed from bimetallic ~_ [{Ni(rac-CTH)}o{ Fe(CN);} .Cu(cyclam)}-6H0 (4). A solution
squares has proven the validity of this stratéyi.should of tetraethylamonium ferricyanide (0.055 g, 0.18 mmol) in a water

b ted that bridaed tall | taini methanot-acetonitrile mixture (2:1:1, 20 mL) was added with
€ note at cyano-bridged metallamacrocycie-containing ., iinous stirring to a solution of [N#c-CTH)](ClO,), (0.100

systems, prepared by controlled self-assembly reactions, ar%, 0.18 mmol) in the same mixture of solvents (20 mL). After the
relatively scarcé?*91%2 and only a dodecanuclear wheel  resyiting brown solution was stirred for 15 min, solid [Cu(cyclam)]-
and a few molecular squares or extended molecular squaregcio,), (0.042 g, 0.09 mmol) was added. The resulting mixture
with paramagnetic metal ions in their structure have been was stirred for 20 min and then filtered. The solution was left
reported to datéfh18.19.20ae.21\We present here the magneto  standing at room temperature for 2 days, and then crystads of
structural results for two molecular square®e&eCTH-H,)-

[{Ni(rac-CTH)} { Fe(CN})}2]-5H,O (2) and [ Ni(rac-CTH)} »-

{Fe(CNX(bpy)}2](ClO4)4H,O (5), the bimetallic chain

(20) See for example: (a) Kou, H.-Z.; Gao, S.; Li, C.-H.; Liao, D.-Z.; Wang,
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trimetallic chain { Ni(rac-CTH)} o{ Fe(CN})}.Cu(cyclam)i
6H,O (4), the linear pentanuclear complexeSC[i(rac-
CTH)} 3{ Fe(CN))}2]-2H,O (6) and [Cu(ac-CTH)}s{Cr-
(CN)g)}2]2H,O (7), and the dinuclear complex [C&c-
CTH)(H2O)Fe(CN}]-2H;0 (8).
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L. R.; Toma, M. Chem. CommuriL999 3, 273. (g) Klausmeyer, K.
K.; Rauchfuss, T. B.; Wilson, S. RAngew. Chem., Int. EA.998 37,
1694. (h) Darensbourg, D. J.; Lee, W.; Adams, M. J.; Yarbrough, J.
C. Eur. J. Inorg. Chem2001, 11, 2811. (i) Fornis, J.; Ganez, J.;
Lalinde, E.; Moreno, M. T.Chem—Eur. J. 2004 10, 888 and
references therein. (j) Kalb, W. C.; Demidowicz, Z.; Speckman, D.
M.; Knobler, C.; Teller, R. G.; Hawthorne, M. Fhorg. Chem1982
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Table 1. Crystallographic Structure Refinement Data for the Complexes

Rodriguez-Digguez et al.

param 2 3 4 5 6 8
formula GsoH120N2405F&Ni>  CooH116N2404CrNiz  CsaH108N2406CUF@Niz  CreH106N20017CIaFENiz  CooH11N240F€,Cus  CooHaaN100sFeCr
M 1486.92 1517.90 1482.30 1942.73 1504.06 602.51
cryst system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space group P2;/n (No. 14) P1 (No. 2) C2/c (No. 15) P2;/n (No. 14) C2/c (No.. 15) P2;/n (No. 14)
a(A) 15.5680(9) 14.3480(8) 25.461(5) 17.2075(3) 32.841(4) 8.8834(10)
b (A) 16.6502(12) 15.0301(8) 14.160(3) 12.4775(2) 16.888(2) 19.1585(13)
c(A) 16.9719(9) 21.5086(11) 22.410(5) 21.4744(4) 15.647(2) 17.3895(19)
o (deg) 90 77.5615(11) 90 90 90 90
B (deg) 115.530(3) 83.7558(12) 110.385(3) 96.9634(7) 98.237(2) 101.047(4)
y (deg) 90 64.1686(10) 90 0 90 90
V (A) 3969.7(4) 4076.3(4) 7573(3) 4576.69(14) 8588.7(2) 2904.7(5)

z 2 2 4 2 4 4

T (K) 173(2) 293(2) 173(2) 173(2) 123(2) 173(2)

A (A 0.71073 0.71073 0.710 73 0.710 73 0.71073 0.710 73
o (g cm3d) 1.244 1.237 1.300 1.410 1.163 1.378
w(cm™d) 8.83 9.93 11.96 9.05 11.09 9.15
goodness-of-fit 1.067 0.963 1.004 1.012 1.105 0.944
R12[l > 20(1)] 0.0858 0.1122 0.056 0.0542 0.0736 0.0793
WR2° [I > 20(1)] 0.2090 0.2634 0.1406 0.1241 0.1943 0.1305

AR1= 3 |IFol = [Fdll/Z|Fol. ®WR2 = { T[W(Fo* — F?)? VS [W(Fo)? I} 2

and f Cu(cyclam)s{ Fe(CN}} ;] -5H,0 formed, which were filtered
off and air-dried. The red crystals dfand the brown crystals of
[{ Cu(cyclam} s{ Fe(CN})}2]-5H,0 were then separated manually.
Yield for 4: 3%. IR (KBr pellets): vey = 2153, 2143, 2110 cmi.
Anal. Calcd for4, CssH10gN24NioF&CuQs: C, 43.97; H, 7.38; N,
22.80. Found: C, 43.89; H, 7.18; N, 22.26.

[{Ni(rac-CTH)} o{ Fe(CN)(bpy)2} 2}(CIO 4)a-H20 (5). A red
solution of [Fé'(bpy)(CN)J(NO3) (0.043 g, 0.17 mmol) in
methanot-water (1:1, 20 mL) was added to a yellow solution of
[Ni(rac-CTH)](ClOy)2 (0.094 g, 0.17 mmol) in the same mixture
of solvents (20 mL). The red solution was filtered and left on

ven 2103, 2149 cmt. Caled for GoH4oN1oCrFeQ: C, 43.86; H,
7.03; N, 23.25. Found: C, 44.06; H, 6.91; N, 23.51.

Physical Characterization.Elemental analyses were carried out
at the Instrumentation Scientific Centre of the University of Granada
on a Fisons-Carlo Erba analyzer model EA 1108. The analysis of
metals was performed by SEM on a LEO, model GEMINI-1530
microscope at the Instrumentation Scientific Centre of the University
of Granada. IR spectra were recorded on a The IR spectra on
powdered samples were recorded with a ThermoNicolet IR200FTIR
by using KBr pellets. Magnetization and variable-temperature{1.9
300 K) magnetic susceptibility measurements on polycrystalline

standing for 2 days at room temperature, whereupon red crystalssamples were carried out with a Quantum Design SQUID oper-

of 5 formed, which were filtered off and air-dried. Yield: 34%. IR
(KBr pellets): vey = 2105, 2123 cmt. Anal. Calcd for GeH1ogN2o-
Ni,FeCl,0:7 C, 46.99; H, 5.50; N, 14.42. Found: C, 46.81; H,
5.24; N, 14.10.

[{Cu(rac-CTH) } 3{ Fe(CN))}2]-2H,0 (6). The reaction of a blue
solution of [Cufac-CTH)](CIOy), (0.30 g, 0.55 mmol) in methanel
water (1:1, 20 mL) and an orange solution afiRe(CN)] (0.18 g,
0.55 mmol) in the same mixture of solvents (15 mL) lead to a green

ating at different magnetic fields. Magnetization versus applied
field measurements were carried out at 2.0 K in the field range
0—5 T. Alternating current susceptibility measurements were
performed in the frequency range 42000 Hz and under an
oscillating magnetic field of 1 Oe. The experimental susceptibilities
were corrected for the diamagnetism of the constituent atoms by
using Pascal’s tables.

X-ray Crystallography. Single-crystal data foR and5 were

solution, which kept at room temperature for several days afforded measured on a Enraf Nonius KappaCCD diffractometer; complex

green crystals 06, which were filtered off and air-dried. Yield:
ca. 37%. IR (KBr pellets)wcy 2118, 2155 cmt. Anal. Calcd for
CsoH11N24CsFe0,: C, 47.92; H, 7.51; N, 22.35. Found: C, 47.69;
H, 7.26; N, 22.14.

[{Cu(rac-CTH)}3{Cr(CN)¢)} 2]:2H,0O (7). Compound?7 was
prepared by the same procedure as@dsut using K[Cr(CN)g
instead of K[Fe(CN)]. The resulting blue solution was left standing

for 2 days at room temperature, and then blue crystals formed,

which were filtered off and air-dried. Yield: 10%. IR (KBr
pellets): ven 2131, 2151 cmt. Anal. Calcd for GoH110N24Cus-
Cr,0z C, 49.04; H, 7.68; N, 22.88. Found: C, 48.63; H, 7.39; N,
22.45.

[Cr(rac-CTH)(H ;O)Fe(CN)]-2H,0 (8). To a solution of [CrG-
(rac-CTH)]]CI (0.05 g, 0.11 mmol) in methanelwater (1:1, 10
mL) was added with continuous stirring a solution affke(CN)]
(0.037 g, 0.11 mmol) in the minimum amount of the same mixture
of solvents, and the color of the solution changed from green to
brown. This solution was placed at one arm of a H-tube, and a
solution of [Cu(cyclam)](CI@), (0.06 g, 0.11 mmol) was placed
at the other arm. Red crystals 8fwere formed on standing at
room temperature for 2 weeks. Yield: 8%. Anal. IR (KBr pellets):
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6 was measured on a Bruker Smart 1000, whereas those for the
rest of the compounds were collected on a Bruker Smart Apex CCD
diffractometer, using graphite-monochromatized Mwo tadiation.
All data sets were corrected for Lorentz and polarization effects.
A summary of the crystallographic data and structure refinements
is given in Table 1.

The structures were solved by direct methods and refingefon
by the program SHELXL92 or SHELXTL.?®

For 2, the asymmetric unit of the structure consists of half of
[meseCTH-H,]?" cation and half of {Ni(rac-CTH)} ,{ Fe(CN}))}2]>~
anion and 2.5 disordered crystal water molecules. The gtblup
of the cation was positioned at N11 on the basis of the H-bond
system and R values. Non-hydrogen atoms, except the disordered
oxygen atoms, were refined with anisotropic thermal displacement
parameters. The hydrogen atoms of the macrocyclic ligands, expect

(27) Khan, O.Molecular MagnetismVCH Publishers, Inc.: Weinheim,
Germany, 1993.

(28) Sheldrick, G. M.SHELX97 University of Gdtingen: Gitingen,
Germany, 1997.

(29) Sheldrick, G. M.SHELXTL, version 6.12; Bruker AXS: Madison,
WI, 2001.



Cyano-Bridged Bi- and Trimetallic Complexes

the hydrogen at N12, were treated as riding atoms using the related sites. The disorder was not reduced on refinement in the
SHELX97 default parameters. Hydrogen atoms of the water lower symmetry grougcc. Both macrocycles show disorder of the
molecules could not be reliably positioned. methyl groups. All the non-hydrogen atoms were refined using
For 3, asymmetric unit of the structure consists of two halves of anisotropic atomic displacement parameters, and hydrogen atoms
two [Ni(rac-CTH)],[Cr(CN)g] 22~ bimetallic units, two halves of two ~ were inserted at calculated positions using a riding model except
trans-planar [NiheseCTH)]?* units, and four crystal water  for those on the water solvate molecules, the disordered tertiary
molecules with two of the water molecules being disordered. One carbons, or the amines of the disordered macrocycle; these were
of the trans planar units is not well defined, and several DFIX not located or included in the model.
restraints were utilized to obtain reasonable bond parameters for For 8, the asymmetric unit of the structure consists of a [Cr-
the unit. Moreover, refinement of site occupation parameters of (rac-CTH)(H,O)Fe(CN}}] complex unit and two noncoordinated
the disordered oxygen atoms did not converge well and the water molecules. Non-hydrogen atoms were refined with anisotropic
parameters were fixed to 0.5. Owing to the modest quality of the thermal displacement parameters. The hydrogen atoms oéthe
data, only metal atoms were refined with anisotropic thermal CTH ligand were treated as riding atoms using the SHELX97
displacement parameters, and the rest of the non-hydrogen atomgjefault parameters, while the hydrogen atoms, except two, of the
were refined with isotropic thermal displacement parameters. The water molecules were picked from a difference Fourier map and

hydrogen atoms of the macrocyclic ligands were treated as riding

atoms using the SHELX97 default parameters. Hydrogen atoms of

the water molecules could not be reliably positioned.

For 4, the asymmetric unit of the structure consists of half of
[{Ni(rac-CTH)}{ Fe(CN))},]?>~ anion, half of [Cu(cyclam§"

refined with fixed O-H distance.

Computational Details. All theoretical calculations were carried
out with the hybrid B3LYP methoél-32 as implemented in the
GAUSSIANO3 prograni® Double< quality basis sets proposed by
Ahlrichs and co-workers have been used for all atoms, except for

cation and three disordered water molecules. As reliable refinement;, o metal atoms where we have used a tripheasis?®* 35 The broken

of site occupation parameters of oxygen atoms failed, a paramete
of 0.5 was fixed for each oxygen position. Non-hydrogen atoms,

except the disordered oxygen atoms, were refined with anisotropic

I

symmetry approach has been employed to describe the unrestricted
solutions of the antiferromagnetic spin stal€s? The geometries
of the studied models for the mononuclear complexes were built

thermal displacement parameters. The hydrogen atoms of thefrom the experimental crystal structures. A quadratic convergence

macrocyclic ligands were treated as riding atoms using the
SHELX97 default parameters. Hydrogen atoms of the water
molecules could not be reliably positioned.

For 5, the asymmetric unit of the structure consists of half of
[{ Fe(CN)(bpy)} 2 Ni(rac-CTH)} 5]*" cation and two disordered
ClO,~ anions. For both anions, each atom occupies two positions

and the anions were refined as rigid groups. Non-hydrogen atoms,
except the disordered oxygen atoms, were refined with anisotropic

method was used to determine the more stable wave function in
the SCF proces®.This determination is not a simple task for this
type of systems due to the fact that several different solutions very
close in energy can be found. In our case, these solutions correspond
roughly to the same configuration and only slight changes are
revealed'~44 However, the energy of these solutions vary by a
hundred or even a thousand cthi'#4 To avoid this problem the
stability test was carried out on the single-determinant wave function

thermal displacement parameters. The hydrogen atoms of the bpyq¢ the more stable solutioff:4¢ Additional calculations have been
and macrocyclic ligands were treated as riding atoms using the yone in 4 polarizable continuum model (PCM) where the cavity is

SHELX97 default parameters.

The crystal quality for comple® was not good, and the peaks
were broad. The structure was solvedG8/c, and the molecule
lies on a 2-fold axis which passes through C33 and C31 of the
central macrocycle. Hence, the asymmetric unit containg[C&-
(rac-CTH)]?" cations and one [Fe(CY]3~ anion, with one water
of crystallization. The central macrocycle is also disordered, and
the copper ion (Cu2) was modeled with 50% occupancy of two

(30) Becke, A. D.Phys. Re. A 1988 38, 3098.

(31) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(32) Becke, A. DJ. Chem. Physl993 98, 5648.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J.; Vreven, J. A, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M. Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, A. C.; Nanayakkara, Y.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. In
Gaussian 03 revision C.02, andGaussian 03 revision C.02 ed.;
Gaussian, Inc.: Wallingford, CT, 2004.

(34) Schaefer, A.; Horn, A.; Ahlrichs, R.. Chem. Phys1992 97, 2571.

(35) Schaefer, A.; Huber, C.; Ahlrichs, R.Chem. Physl994 100, 5829.

created via a series of overlapping sphéfé8.The atomic spin
densities were obtained from natural bond orbital (NBO) anal-

ysis49-51

(36) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany,P Comput. Chenil999
20, 1391.

(37) Ruiz, E.; Rodguez-Fortea, A.; Cano, J.; Alvarez, S.; Alemany,JP.
Comput. Chem2003 24, 982.

(38) Ruiz, E.; Alvarez, S.; Cano, J.; Polo, ¥. Chem. Phys2005 123
164110/1.

(39) Rajaraman, G.; Ruiz, E.; Cano, J.; AlvarezC&em. Phys. Let2005
415 6.

(40) Bacskay, G. BChem. Phys1981, 61, 385404.

(41) Toma, L. M.; Delgado, F. S.; Ruiz-Perez, C.; Carrasco, R.; Cano, J.;
Lloret, F.; Julve, M.Dalton Trans.2004 2836.

(42) Toma, L.; Lescouezec, R.; Vaissermann, J.; Delgado, F. S.; Ruiz-
Perez, C.; Carrasco, R.; Cano, J.; Lloret, F.; JulveCem—Eur. J.
2004 10, 6130.
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G.; Andruh, M.; Cano, J.; Lloret, F.; Julve, NDalton Trans.2005
1357.
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(45) Seeger, R.; Pople, J. A. Chem. Phys1977, 66, 3045.
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Results and Discussion

The assembly of [Fe(ChP~ and [Ni(rac-CTH)J?>* build-
ing blocks yielded the complexNi(rac-CTH)} s{ Fe(CN})} 2]
4H,0 (1), which was previously reported bydand is made

of chains of molecular squares. We think that the mechanism

of this reaction might be as follows: in a first step the folded
cis configuration of the [Ni@ac-CTH)]** would lead to
distorted bimetallic molecular squares;Re containing
terminal cyanide groups, which, in a second step, would

Rodriguez-Digguez et al.

connect these molecular squares to disordered trans-planar

[Ni(rac-CTH)]?* units (RRand SSenantiomers are coordi-
nated to Ni ion), leading ultimately to the chain. If this is
so, in principle, it should be possible to isolate discrete
molecular squares from the 1:1 reaction between [MEN)
and [Ni(rac-CTH)J>". All attempts to obtain discrete mo-

lecular squares by assembling these building blocks in the

presence of bulky isolating cations, such as PPand
NBus™, were unsuccessful. However, the use of the dipro-
tonated meseCTH-H,?" itself as a cation allowed the
isolation of the discrete distorted molecular squanege
CTH-Hy)[{Ni(rac-CTH)} { Fe(CN})}2]-5H,0 (2). The pres-

Figure 1. Perspective drawing of the structure 2f Fe'' (orange); Ni
(green); N (blue); carbon (gray). Water molecules are omitted.

Within the squares, Niand Fé' atoms at the corners are
alternatively bridged by cyanide groups that are located at
the edges. The FeNi distances are 5.0244(13) and 5.0886-
(11) A, whereas the Ni-Ni and Fe:-Fe distances along the

ence of discrete molecular squares as intermediates in thejiagonals are 6.979(2) and 7.320(2) A, respectively. As in

formation of the chain complexdsand?2 opened the door
toward the synthesis of ligand mixed bimetallic and trime-
tallic chains. Thus, the reaction of [M#c-CTH)]*t and
[Fe(CN)]® in 1:1 stoichiometric ratio and the further
reaction with either [NifheseCTH)]?" or [Cu(cyclam)}*
building blocks afforded in low yield the bimetallic chain
[{Ni(rac-CTH)} o{ Cr(CN)s)} 2Ni(meseCTH)]-4H,0 (3) and
the heterotrimetallic chain compounNi(rac-CTH)} { Fe-
(CN)g)}2Cu(cyclam)i6H,O (4), respectively. It should be
noted that, in the latter case, the major product was4not
but the 1D complex{[Cu(cyclan} s;{ Fe(CN))},]-5H.0.

An alternative route to discrete bimetallic molecular
squares is that of using@s-cyanometalate building block
having four coordination positions blocked by end-cap
ligands. Thus, the reaction between'[REN)(bpy)] " and
[Ni(rac-CTH)]?* building blocks afforded the compound
[{Ni(rac-CTH)} o{ Fe(CN)(bpy)} 2](ClO4)4-H,0 (5). In the
course of the reaction the 'Feof [Fe"(CN),(bpy)]" was
reduced to the Feion. When [Cufac-CTH)]*" was used
instead of [Nitac-CTH)]?*, the expected molecular square
did not form but pentanuclear molecul§€u(ac-CTH)} s-
{Fe(CN})}2]-2H,0 (6) and [ Cu(rac-CTH)} s{ Cr(CN))} 2]
2H,0 (7) were obtained instead. In these two latter com-
pounds the plasticity of the copper(ll) coordination sphere
and the JahnTeller distortion are the main factors prevent-
ing the formation of cyclic structures. Finally, the reaction
between [CrCirac-CTH)]* and [Fe(CNg]® led to the
binuclear complex [Crac-CTH)(H,O)Fe(CN}]-2H.O (8).

In this case, the coordination of a water molecule to the Cr-
(11 ion avoids the propagation of the structure.

Description of the Structures. (neseCTH-H ,)[{ Ni(rac-
CTH)}A{ Fe(CN))}2]-5H20 (2). The structure consists of
distorted cyanide-bridged centrosymmetfibli(rac-CTH)} »-
{Fe(CN})}2]?> squaresmeseCTH-H,?>" cations, and dis-
ordered water molecules of crystallization (Figure 1).
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1, also in 2, there exists a center of symmetry at the
barycenter of the square, and therefore, the four metal atoms
are forced to be coplanar with F&li—Fe and Ni-Fe—Ni
angles of 92.73(2) and 87.27{2)espectively. In the bridging
region, the Fe-C—N bond angles are almost linear (174.8-
(6) and 176.7(6)), whereas the NiN—C bond angles are
significantly bent (154.3(6) and 172.0¢%) The nickel(ll)
ions exhibit a NiN distorted octahedral coordination envi-
ronment, made of four nitrogen atoms from tree-CTH
ligand, which adopts a folded conformation, and two cyanide
nitrogen atoms situated at cis positioBond lengths and
angles involving [Niac-CTH)]?" and [Fe(CNg]®~ units are
similar to those observed ih, whereas bond lengths and
angles for theneseCTH-H,?" cation are in agreement with
those reported for othemeseCTH-H,?"-containing com-
pounds’? Square anions are not well isolated in the structure
but linked by hydrogen-bonding interactions involving two
NH groups of the coordinated macrocycle, one nitrogen atom
of a terminal cyanide ligand belonging to a neighboring
square and one disordered water molecule, with-N®,
N2---Ola, and N2-O1b donotacceptor distances of 2.993-
(10), 3.30(2), and 3.17(3) A, respectively. Terminal cyanide
ligands also form medium to weak hydrogen bond interac-
tions with water molecules and two nitrogen atoms belonging
to themeseCTH-H,?* cation with N#:-O3, N7--O1b, N10
-O2b, N4---N6, and N11-N8 distances of 2.97(2), 2.76-
(4), 2.88(3), 3.18(7), and 2.825(9) A, respectively, ultimately
leading to a 3D supramolecular network. The shortest
interchain metatmetal separation of 6.8793(13) A is for
Ni—Fe. Although some cyanide-bridged'H&li" bimetallic
“extended squares” have been recently reported, such as

[{Ni(bpy)2(H:0)}{ Ni(bpy)a} of Fe(CN}}2]-12H,0 (bpy =

(52) (a) Gao, E. Q.; Tang, J. K.; Leng, X. B,; Liao, D. Z,; Jiang, Z. H.;
Yan, S. PGaodeng Xuexiao Huaxue Xueh2@0Q 21, 663. (b) Sucha
V.; Sivak, M.; Tyrselova J.; Marek, JPolyhedron1997 16, 2837.
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(4)—106.9(4) and 166.8(4)171.1(4), respectively. Bond
distances and angles around distorted octahedral Ni(Il) atoms
of the square units are similar to those observe@.ilCr
ions exhibit a slightly distorted octahedral coordination
geometry with C+C and C-Cr—C bond distances and
angles similar to those observed for other complexes
containing [Cr(CNJJ3~ bridging units>® Square units are
further connected totfans-Ni(meseCTH)]?" ions through
one of the cyanide groups of each [Cr(GN) unit to form

the chain. A remarkable difference betweeand1 is that

in the former the cyanide bridging groups of the tridentate
[Cr(CN)e]®~ anion exhibit afac disposition, whereas in the
latter the cyanide bridging groups of the [Fe(GN) anion

. . . exhibit amerdisposition. A similar extension of the structure
Figure 2. Perspective drawing of the structure 2f Cr'" (purple); Ni'

(green): N (blue): C (gray): O (red). by addition of extrg ML building blocks to cyanid.e.—bridged
M""M" square units has been also observedL,inn the
2,2-bpyridine}&and [Fe(Tp)(CNy} 4 Ni(MeCN)(H;0)5} 2] - pentanuclear clusters{ {li(bpy)(H-0)}{ Ni(bpy).}o{ Fe-

10H,0 (Tp = hydrotris(1-pyrazolyl)borate¥® as far as we  (CN)e}2]*#2and [ Co(bpy)y(H20)}{ Co(bpy}} o Co(CN)}2]>*
know, only exists one reported example of an isolated and in the decameric clustefZn(phen){ Fe(CN)}}{Zn-
cyanide-bridged F&Ni' bimetallic molecular square, [TpFe-  (phen}Zn(phen)(H20)Fe(CN}}2].2°" In the bridging region
(CN)sNi(DMF)4]2(OTf)-2DMF (OTf = CFS0;7).160 between the squares at@ns[Ni(meseCTH)]?* units of
[{Ni(rac-CTH)}2{ Cr(CN)g)}2Ni(meseCTH)] :4H,0 (3). the chains of3, the Crt-+Ni2 and Cr31--Ni32 distances
The structure of3 (Figure 2) is similar to that ol and ~ are 5.137(2) and 5.154(2) A, the Gr€21-N9 and Cr3t
consists of an alternating arrangement of fBitCTH)} - C51-N39 angles are 170.5(9) and 172.2(1@nd the Ni2-
{Cr(CN)} 2] bimetallic distorted square units and trans-planar N9—C21 and Ni32-N39—C51 angles are 155.9(9) and
[Ni(meseCTH)]2* units bridged by cyanide groups to afford  154.7(9}. The Ni(ll) atoms of therans[Ni(meseCTH)]**
1D chains running along thb axis. Water molecules of  units, which are placed at inversion centers, exhibit tetrago-
crystallization, which are located between the chains, con- nally elongated distorted geometries, the longest bond
tribute to stabilize the structure. In contrastltothere are  distances involving the nitrogen atoms of the trans cyanide
two similar but crystallographically nonequivalent chains in  groups, with Ni-N bond distances in the ranges 2.060(12)
the structure oB. 2.135(10) and 1.989(17R.125(10) A, respectively. The cis
Within the centrosymmetric GXi, distorted square units, ~ bond angles are in the ranges 84.5(8%.5(5) and 84.4(6)
the four metal ions occupy the corners and four cyanide 95.6(57, respectively, whereas the trans angles are® 180
bridging ligands are located at the edges, with -€Nil owing to symmetry. The chains running along thexis
distances of 5.244(2) and 5.156(2) A for one type of chain are not isolated but connected by hydrogen bonds involving
and Cr31-+Ni31 distances of 5.186(2) and 5.196(2) A for one of the terminal cyanide groups of a chain and two NH
the other one. The Cr&Crl and Cr3t+Cr31 distances along  groups of a folded [Niac-CTH)J** unit of the neighboring
the diagonals are 7.365(3) and 7.316(3) A, whereas the Ni1 and crystallographically nonequivalent chain, with-N440
-Ni1 and Ni3%--Ni31 distances are 7.343(3) and 7.367(3) and N3--N40 distances of 3.283(15) and 3.209(16) A,
A. These distances are somewhat longer than those observetespectively. In addition, the NH groups of the former chain
in 2, which is due, at least partly, to the fact that the-Cr are involved in hydrogen bond interactions with the O1 atom
distances in the [Cr(CN)?~ units of 3 (in the range 1.995- of a solvate water molecule (©iN31 and O31--N33
(14)—2.068(10) A) are also longer than the-Fe distances  distances of 3.089(14) and 3.212(14) A, respectively). The
in the low-spin [Fe(CN)J*~ units (in the range 1.929(6) dihedral angle between distorted,Bi, squares of neighbor-
A—1.961(9) A). In the bridging region of the square units, ing nonequivalent chains is 7.8he shortest interchain metal
Cr—C—N bond angles are 173.6(9) and 175.8(&r one --metal distance being 6.757(2) A.
chain and 178.0(10) and 179.6(10for the other one, [{Ni(rac-CTH) } o{ Fe(CN))} 2Cu(cyclam)]-6H-0 (4). The
whereas the NiN—C angles are 157.4(8) and 171.2(9) and structure of4 is made up of an alternating arrangement of
159.5(9) and 167.0(9) respectively. The metal atoms in the ~Cyanide-bridged centrosymmetric distorted squéNi(fac-
CrNi, square are forced to be coplanar because of theCTH)}{Fe(CN)})}2]?" anions andtrans[Cu(cyclam)f*
existence of a center of symmetry at the barycenter of eachcations linked by cyanide groups to form a trimetallicFe
square u_mt’ the_ CFi’NIl."Cr_l' CI’3]:"NI31"-C31, Nil: (53) (a) Fu, D. G,; Chen, J.; Tan, X. S.; Jiang, L. J.; Zhang, S. W.; Zheng,
--Cr1---Ni, and Ni3Z%--Cr31---Ni31angles being 90.17(3) and P. J.; Tang, W. XInorg. Chem 1997, 36, 220. (b) El Fallah, M. S ;
59.60(9) and 89.83(3) and S0.40(3or the two chains. B Sl FenBate i chem, S, Daon Tians
For the two nonequivalent chains, in the square units the  Golhen, s.Chem. Commun2002 10, 1078. (d) Marvilliers, A.:
Ni—Nmacro @nd Ni=Ngyanige bond lengths are in the ranges Parsons, S.; Rivie, E.; Audiee, J.-P.; Kurmoo, M.; Mallah, TEur.
2.107(10%-2.192(11) and 2.048(162.104(9) A, respec- 3. Inorg. Chem2001, 5, 1287,

- : i (54) Rodfguez, A.; Kiveka, R.; Sillanpa, R.; Sakiyama, H.; Colacio, E.
tively, whereas cis and trans angles are in the ranges 81.7- ~ Manuscript in preparation.
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Figure 3. Perspective drawing of the structure 4fFe'' (orange); Ni (green); Cl (red); N (blue); C (gray). Water molecules have been omitted for

clarity.

Ni—Cu zigzag chain running diagonally &b plane and six
disordered water molecules of crystallization/formula unit
(Figure 3). Bond distances and angles within the molecular
squares are similar to those observe@.iifhus, the Fe-Ni
distances along the edges are 5.290(3) and 5.0009(13) A
whereas Ni--Ni and Fe--Fe distances along the diagonals
are 6.9555(14) and 7.3794(15) A, respectively. The--Fe
Ni---Fe and Ni--Fe---Ni angles are 93.39(1) and 86.611{1)
whereas, in the bridging region, the NN—C angles are
171.4(3) and 151.3(3)and the Fe-C—N angles are 174.0-
(4) and 175.0(3) The square F#li, units are linked to the
centrosymmetric trans planar [Cu(cyclafh)lnits through
one of the cyanide groups of the tridentate [Fe(gN)
anions leading to the chain. As B) the cyanide-bridging
groups of the tridentate [Fe(CN3J~ unit adopt afac
disposition around iron(lll) ion. The copper(ll) ion, which
is located on an inversion center, exhibits a tetragonally
elongated Cullcoordination environment. In this descrip-
tion, the nitrogen atoms of the macrocycle ligands occupy
the equatorial positions with GtN distances of about 2 A,
whereas the nitrogen atoms belonging to the cyanide bridging
ligands occupy the axial positions at a longer distance of
2.460(4) A as a consequence of the Jafgller effect of

the copper(ll) atom. In the FeCu bridging region, the Fe
C21-N9 and Cu-N9—C21 angles are 177.6(4) and 136.5-
(3)°, respectively, with an FeCu distance of 5.1367(12)
A. The dihedral angle between the plane through th&lke
square and the Cuptoordination plane of [Cu(cyclant)]
cation is 42. Chains are connected by hydrogen-bonding
interactions involving one of the terminal cyanide groups of
a chain and one the NH group of the folded [idif-CTH)]>"

unit of the neighboring chain with N#N1 distance of 3.148-

(5) A. In addition, the crystal structure is stabilized by
hydrogen bonds involving NH groups of the CTH and
cyclam macrocycles, disordered water molecules, and ter-
minal cyanide groups. The shortest metaletal interchain
distance is 6.6992(15) A.

It is interesting to note that, as far as we know, there exists
only one additional example of a heterotrimetallic system
containing cyano-bridging ligand between each pair of the
metal ions'&

[{Ni(rac-CTH)} { Fe(CN)(bpy)2} 2](CIO 4)4-H20 (5). The
structure of5 (Figure 4) is made up of centrosymmetric
cationic distorted squares of formulgNi(rac-CTH)} o{ Fe-
(CN)o(bpy)}2]*" and disordered water molecules and per-
chlorate anions.

10544 Inorganic Chemistry, Vol. 45, No. 26, 2006

Figure 4. Perspective drawing of the square ufiN[(rac-CTH)}{ Fe-
(CN)(bpy)} 24+ of 5: Fe! (orange); Ni (green); N (blue); C (gray).

Within the molecular square, low-spin'Fand Ni' ions,
placed at the corners, are alternately bridged by cyanide
groups. As in compounds—4, each Ni(ll) ion in5 exhibits
a NiNs distorted octahedral coordination environment, made
of four nitrogen atoms belonging to thac-CTH ligand and
two nitrogen cyanide atoms located at cis positions. Bond
distances and angles involving Ni(ll) ions are close to those
found in compound4—4. Each iron(ll) ion in5 exhibits a
distorted octahedral FeR, coordination environment, which
is made of four nitrogen atoms from two bpy ligands and
two cis cyanide carbon atoms. Bond distances and angles
involving the iron(ll) ion are similar to those found in other
Fe'(CN)(bpy)-containing compound$9-55 The Fe--Ni
distances along the edges are 5.0788(8) and 5.0960(7) A,
whereas Ni-Ni and Fe--Fe distances along diagonals are
7.5731(10) and 6.7952(11) A. The ‘NFe--Ni and Fe--
Ni---Fe angles are 96.20(1) and 83.80(Xgspectively. As
expected for the FeC—N-bridges, the FeC17—N5 and
Fe—C18—-N6 angles of 174.5(3) and 173.8{4re closer to
linearity than the Ni-N5—C17 and Ni-N6—C18 angles of
162.4(3) and 171.0(3) This is due to the stronger covalent
interaction between iron and carbon atoms. The structure is
stabilized by hydrogen bonds interactions involving oxygen

(55) Colacio, E.; Dominguez-Vera, J. M.; Lloret, F.; Moreno Sanchez, J.
M.; Kivekas, R.; Rodriguez, A.; Sillanj@&R. Inorg. Chem2003 42,
4209.
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Figure 5. Perspective view of the pentanuclear structure6ofFe"
(orange); Ni (green); N (blue); C (gray).

atoms of the disordered perchlorate anions and water
molecules and NH groups of theac-CTH macrocycle,
leading to a 1D arrangement of squares. Figure 6. Perspective view of the dinuclear structureBofFé'' (orange);
1 (nink): . .
[{Cu(rac-CTH)}s{ Fe(CN))}2]-2H.O (6). The structure ~ C" (Pink); N (blue); C (gray); O (red).
of 6 (Figure 5) consists of cyanide-bridged pentanuclear angles in the ranges 1.919(9).952(7) A, 87.0(3)-93.9-

gnc(:juc(rra:tgrvljeﬁ;{r?élilt\:lt)ﬁ(}e;] ir:\?clj(la\fgclﬁi V;,:Tritzr?gaTemneégvork (3)°, and 176.1(3y 176.9(3), respectively. In the CuiNC—
Y Fe bridging region, the FeC—N and C-N—Cul angles are

of hydrogen bonds. .
e 178.1(8) and 166.4(8) respectively, whereas the +€Cu
Qo 2+
Within the pentanuclear molecules, three [Go(CTH)] distance is 5.084(8) A. In the CuNC—Fe bridging region,

units are altenatively bridged by two [Fe(GH) anions, the Cu2-N—C bond angle is 139.5(%9and the shortest Cu

n \.Nh'Ch the cyanide-bridging grzciups. agopF a cis configu --Fe distances is 4.951(7) A. The macrocycle amino groups
ration. The central [Cu@c-CTH)]?* unit is disordered on .
.. N1—H, N3—H, and N4-H, the nitrogen atoms N44 and N45
two positions, because of the presence of d@Eand SS . )
) . . of the terminal cyanide groups, and the water molecules are
enantiomers of theac-CTH ligand coordinated to the . . . .
involved in an extensive network of hydrogen bonds leading

copper(ll) ion, Cu2. There is a 2-fold axis in the middle of to honeycomb layers in thab plane with donor-acceptor
the imaginary line between the disordered Cu2 ions, and distances in the range 2.8903.039(7) A.

therefore, bond distances and angles in the two halves of
the pentanuclear molecule are equal. The Cul atoms of the Although the compound{Cu(ac-CTH)}s{ Cr(CN)g)} 2]

terminal [Culfac-CTH))?" units exhibit a CuNcoordination 2H:0 (7). crystallizes in very weII. formed cube shaped
environment with a geometry that is intermediate between crystals, it does not produce any diffraction peaks. Crystals
square-pyramidal@,,) and trigonal bipyramid D). Ac- from different syntheses exhibit the same diffraction behav-

cording to Addison’s procedufé the 7 value for the Cul ior. Nevertheless, the analytical gnd IR results strongly
atom is 0.75€ = (61 6,)/60°; where6: and6; are the two suggest that compoundisand 7 are isostructural.
biggest angles in the coordination polyhedrors 1 for Dy, [Cr(rac-CTH)(H 20)Fe(CN)]-2H.0 (8). The structure of

and = 0 for Cy,), thus indicating that the geometry of the 8 (Figure 6) consists of neutral €r'" dinuclear molecules,
Cu1l atom is closer to a trigonal bypiramid. In this description, [C(rac-CTH)(H:O)Fe(CNj}], and crystallization water mol-
two nitrogen atoms belonging to the macrocycle ligand (N1 €cules. Within the dinuclear umt,”the [Fe(GN) anion acts
and N4) occupy the axial positions, whereas the two &S @ monodentate ligand to the'Gion through a cyanide
remaining nitrogen atoms of the macrocycle and the nitrogen 9"0UP- The CH ion exhibits a distorted octahedral G

atom of the cyanide-bridging ligand are located in equatorial coordination environment, in which the nitrogen atom
positions. The CutN bond distances and cisNCul—N belonging to the cyanide bridging group and the oxygen atom

angles are in the ranges 2.025(2)139(5) A and 84.44- of the coordinated wgtgr molecule are !ocqted in ci; _positions,
(19)-119.9(2), respectively, whereas the NTul-N3 Whereas the remaining four coordination positions are
trans axial bond angle is 174.8{2) qccupled by the nitrogens ator_ns of the foIdead:—CTH

The central copper(ll) atom, which is disordered on two ligand. The CfNimacrocycebONd distances are in the range
positions, displays a CuNcoordination environment, in  2-075(8)A-2.138(6) A, whereas the ENcyaniceand Cr-O
which the four nitrogen atoms of the macrocycle occupy the Pond distances are 1.999(6) and 1.989(5) A, respectively.

equatorial positions, whereas the nitrogen atoms belonging/S for the hexacyanoferrate(lll) unit, with the exception of
to the cyanide bridging groups are in axial positions with a the short Fe-C bond length of the cyanide bridging group

shortest Cu2N distance of 2.305(10) A. As usual, the (1.896(9) A), the rest of the FeC bond distances exhibit
[Fe(CN)]>~ anions exhibit a slightly distorted octahedral Normal values. In the bridging region, the-N—C and Fe-

geometry with Fe-C bond distances and cis and trans bond ¢—N angles are 163.0(6) and 172.I{7)espectively,
whereas the Gr-Fe distance is 4.9560(15) A. The dinuclear

(56) Addison, A. W.; Burke, P. J.; Henrik, Knorg. Chem 1982 21, 60. molecules and water molecules form a complicated 3D
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Figure 8. Temperature dependence of theT product of3. The inset
represents the thermal variation of the susceptibility at different magnetic
fields. The solid line is the best-fit curve to the theoretical equation.

Figure 7. Temperature dependence of thgT product of2. The solid
line is the best-fit curve to the theoretical equation.

network of hydrogen bonds, involving the NH groups of the
macrocyclic ligand, the nitrogen atoms of the terminal
cyanide groups, and the coordinated and noncoordinated
water molecules. The shortest dor@icceptor distances of
2.597(8) and 2.640(8) A involve the oxygen atom of the
coordinated water molecule and the oxygen atoms of the

noncoordl_nated wa_ter molecules. similar in both compounds and the-Gl—Ni angles in the
Magnetic Properties. The temperature dependenceait bridging region are sharper f@rthan for [TpFé&'(CN)sNi''-
(rw is the susceptibility/Fiz unit at a magnetic field of  p\F),1,(OTf),»2DMF (the ferromagnetic interaction di-
250 G) for compouna is given in Figure 7. minishes with the bending of the EEN—Ni unit). It should
At room temperature theyT product (3.66 crhmol™ be noted, however, that theoretical and experimental studies
K) is slightly higher than that calculated for magnetically nhayve shown that the change of the peripheral ligands in
noninteracting low-spin Fe(S= 1/2) and N (S=1)ions  gjngle-oxalate dinuclear complexes has a direct influence on
of 2.75 cn? mol™ K (with gre = gni = 2). From room  the magnetic orbital energy and therefore on the magnitude
temperatureyyT increases with decreasing temperature, of the magnetic exchange coupliffgThe fact that Ni and
reaching a maximum arodn4 K (7.6 cnf mol™* K) and Fe' ions exhibit very different coordination environments
further decreases to 7.16 &mol™* K at 2 K. This behavior in the molecular squarezand [TpFé'(CN)sNi" (DMF)4]-
is characteristic of an overall ferromagnetic interaction (OTf),»2DMF might tentatively justify the difference in the
leading to a septuplet ground state. The calculated value for j ya1ues for both compounds.
anS= 3 ground state witlg = 2 (7.81 cni mol™ K) is. It is interesting to note that [TpFECN):Ni" (DMF),].-
close to theyuT value at the maximum. The magnetization (oTf),-2DMF shows slow magnetic relaxation effects and
value at the maximum applied field 6 T (5.67Nf) is close g4 single molecule magnet behavior with a blocking tem-
to the calculated value for a low-lying spin septék & 6.0 perature lying below 1.8 K. Unfortunately, in the case2of
Nj with g = 2), thus supporting the nature of the ground g out-of-phase ac signal was observed, thus excluding the
state. As inl, the intramolecular ferromagnetic interaction currence of slow magnetic relaxation. The compound does
is due to the strict orthogonality between’e,” Fe' (o not exhibit SMM behavior probably because the zero-field
symmetry) andzeg2 Ni' ( symmetry) magnetic orbitals.  gpjitting parameterD, is either too small or positive.
The decrease ipuT below 4 K is due tozero-field splitting The magnetic properties & in the formywT vs T plot
effects within the ground state and/or intermolecular interac- (m is the susceptibility/GNis unit at a magnetic field of 1
tions. Simulation of thguT vs T data using the MAGMUM T) are given in Figure 8.
progrant’ with the spin HamiltqniarH = ~JSesSun + At room temperature, theyT value of 6.90 crhimol K
SrerSviz + SrelSuin + SrecSvi] (all intramolecular exchange agrees well with that expected for magnetically noninter-
coupling constants along the edges were considered to beacting CH (S= 3/2) and N¥ ions (6.75 crimol- K with
equal, whereas those along the diagonal were assumed t%a = gu = 2). TheyuT increases smoothly between 300
be ;ero) led 10 &@so = 2'26(3) andreni = %2'8(2) ‘_:ml' and 50 K upon cooling and then sharply below 50 K,
No improvement of the fitting was obtained using two reaching a maximum of 85 chmol % K at 2.9 K. Further
independent parameters. The magnitude of the exchange cooling causes a sharp decreaseyi to reach a value of

(57) MAGNUN.0IOWOL | - oined oackane | . 52.4 cn? mol* K at 2 K. This magnetic behavior is
. is available as a combined package free of . .. .. . . S .

charge from the authors at http:/www.ucs.mum-ddiomp/. MAG- indicative of an mtrachaln ferromaghetlc interaction between
MUN has been developed by Dr. Zhigiang Xu and Laurence K. Cr" and Ni' ions (strict orthogonality between the'Ctyq
Thompson (Memorial University), and OWO01.exe, by Dr. O. Wald- ; ; ; ;
mann (University of Bern). The software calculates the total spin state magnetic orbitals ot symmetry and the Nleg magnetic
values §) and their associated energieR')( using the Kambe
approachf and then substitutes tf&andE’ values into the van Vleck (58) Kambe, K.J. Phys. Soc. JprL95Q 5, 48.
equation to generate the variable-temperature susceptibility profile (59) Roma, P.; Guzma-Miralles, C.; Luque, A.; Beitia, J. |.; Cano, J.;
(degenerate states are accounted for). Lloret, F.; Julve, M.; Alvarez, Sinorg. Chem.1996 35, 3741.

coupling between P& and Ni' via the —CN— linkage is
higher than the literature values ranging from 6.6 to 10.6
cm1.16b.c.18a200Compared t®, the recently reported molec-
ular square [TpP&(CN)NI" (DMF)4)(OTf)2DMF exhibits

a smaller ferromagnetic interaction (10.6 ¢in which is,

in principle, difficult to justify as the Fe-Ni distances are
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Figure 9. Isotherms of the magnetization vershisplot for 3 (left).

Temperature dependence of the in-phasg)(and out-of-phaseyfy’’) ac . .
magnetic susceptibilities. Figure 10. Temperature dependence of thgT product for4. The inset

is an expended view of the low-temperature region. The solid line is the
generated plot for an EWi; molecular square plus an isolated Cu(ll) ion

orbitals of x symmetry) and suggestive of the existence of - 9=2.

magnetic ordering. In-phase and out-of-phase ac dynamic

susceptibility measurements (Figure 9) confirm the ferro-

magnetic ordering at 3 K. Because these signals do not show

any significant frequency dependence of the position of the

maximum, single-chain magnet behavior (SCM) 8can

be ruled out. The absence of SCM behavior is more probably

due to the fact that the chains are not well isolated in the

structure (see above). The field dependence of the magne-

tization (0-5 T) measured at 1.9 K reaches a valud/pi~

8.5Ng at 5 T, which is smaller than the saturation value

(Mo ca. 12Np) expected for a ferromagnetic dr, system

(Mo = 3gniSvi + 29crsy). This low value may be indicative

of a canted ferromagnet which would be related to the fact Figure 11. Temperature dependence of theT product for5. The inset

that the planes of the @i square units belonging (0 two &S5l o e fowtempertue fegon Fhe sojalne e e besc

adjacent chains make an angle of abouft, &ssuming that  field splitting.

the magnetic moment in each chain is perpendicular to the

square plane. A similar magnetic behavior has been observediecreases to reach a minimum of 3.03onol* K at around

for compoundl. 40 K, which is due to the spinorbit coupling effects of the
Theyw vs T plot under an applied field of 50 G exhibits low-spin octahedral P atoms with a?T,q ground term.

a maximum around 3 K, which is due to antiferromagnetic Below 40 K,yuT increases sharply to a value of 11.14%cm

interchain interactions. This maximum broadens and disap-mol™* K at 2 K. This behavior is indicative of an overall

pears forH > 300 G (see inset Figure 8), and theref@re  ferromagnetic interaction, which, as in the previous com-

exhibits metamagnetic behavior (phase transition from an pounds, can be justified by the orthogonality of theg t

antiferromagnetic to a ferromagnetic ordered state inducedmagnetic orbitals of the low-spin leions ¢z symmetry)

by the magnetic field). The sigmoidal shape of Me/s T and the g magnetic orbitals of the Niand Cl atoms ¢

plot (see Figure 9, left) is the signature of the metamagnetic symmetry). Nevertheless, because of the relatively long bond

behavior. From the value of the critical field. = 300 G Cu—N distance (2.46 A) and because the nitrogen atom of

(the inflection point in Figure 9, left) a value of 0.03 cin the cyanide-bridging ligand is coordinated at axial position

can be estimated for the magnetic interchain interactions. on the copper atom, where the spin density of the unpaired

The lack of a theoretical model to analyze the magnetic dataelectron is very low (the Cuatom is of the type gyz, the

of 3 precludes the determination of the magnetic exchangex andy axes being defined by the short €Ncyciam bonds),

interaction between ®rand Ni'. Compound3 is a meta- a very weak ferromagnetic interaction beetween tHé &ed

magnet whereakis a ferromagnet witf. = 3 K. We think Cu' ions, if any exists, can be predicted. The fact that the

that subtle changes in the hydrogen bond networks of theseymT values at low temperature are above those calculated

compounds are responsible for their different magnetic for an isolated FéNi, molecular square plus the copper

behavior at low temperatufé. contribution (see inset Figure 10) clearly points out that some
The magnetic properties @f in the formymT vs T plot degree of spin correlation between the magnetic ions exists

(xm is the susceptibility/F&Ni,Cu unit at a magnetic field  along the trimetallic chain.

of 1 T) are given in Figure 10. The temperature dependenceQfl (ym is the susceptibil-
The ymT product at room temperature is higher than that ity/Fe;Ni, unit at a magnetic field of 1000 G) fé& is given

calculated for magnetically noninteracting'EéNi", and Cu in Figure 11.

ions (3.125 cri mol™* K with an averageg = 2), thus Upon cooling of the sample from 350 KymT first

indicating a significant orbital contribution from the octa- decreases, reach a quasi-plateau around 200 K, and finally

hedral low-spin F& atoms. Upon cooling of the sampjg,T sharply decreases from 50 to 2 K. The decreasguifiin

Inorganic Chemistry, Vol. 45, No. 26, 2006 10547



Figure 12. Temperature dependences of gl product of6 (top), the
correctedymT product of6 (middle), and thegmT product of (ac-CTHs)s-
[Fe(CN)]2-8H,O. The solid line is the best-fit curve to the theoretical
equation for a linear pentanuclear.Ees complex.

the high-temperature region (35200 K) is due to the end
of a transition from the high-spin to the low-spin state of
the octahedral Peion. It should be noted that a similar HS:

Rodriguez-Digguez et al.

fact, when theyuyT product between 40 K and room
temperature for the compounda¢-CTHz)s[Fe(CN)].
8H,0°! (whose magnetic properties are essentially due to
isolated F& ions of the [Fe(CNJ®~ units) is subtracted from
the ymT vs T curve for6, the resultingymT remains almost
constant in this temperature range with the value expected
for three isolated Cu(ll) ions witly = 2.11 of 1.246 crh
mol~! K. This result confirms that the magnetic behavior of
6 in the high-temperature range is due to sganbit coupling
effects. Below 40 K, thgu T continuously increases to reach

a maximum of 2.428 cédmol ! K at 7 K, thus indicating a
ferromagnetic exchange interaction between the Fe(lll) and
Cu(ll) ions. Below 7 K,ymT decreases sharply to 1.91 €m
mol~! K at 2 K, due to intermolecular interactions and/or
ZFS of the ground state. These factors are also responsible
that theM vs H plot & 2 K is below that calculated from the
Brillouin function with S = 5/2. At 5 T, the maximum
applied magnetic field, the value of the magnetization is 4.14

LS equilibrium has been observed in the 2D cyanide-bridged Ng, thus indicating that at this magnetic field the magnetiza-

bimetallic compound, Fe(bpfICN).Cw(CN),],%® which, like

5, also contains Featoms coordinated by two bpy and two
cyanide ligands, leading to an F2G coordination environ-
ment. Recently, an Bemolecular square, [Hg(CN)4(bpyk-
(tpak](PFe)4 (tpa= tris(2-pyridylmethyl)amine), that under-
goes two-step spin conversion of the'fens bonded to the
tpa ligand has been report&iThe transition observed in
the range 246400 K must also contain the end of the
transition involving the Peions bonded to the bpy ligands.
At 200 K, theyuT value (2.05 crhimol! K) is close to the
calculated value for a magnetically uncoupled system with
two low-spin Fd ions (8= 0) and two Nf ions S= 1)
assuming an average = 2. The decrease ipuT from a
value of 2.03 crimol™* K at 50 K to 1.80 crAmol ! K at

2 K is due to the local anisotropy of the'Nions. TheymT

tion is not yet saturatedV{s = 5 Np).

To analyze the experimentg|, T data in a suitable way,
we removed the contribution of the spiorbit coupling
effects of the three Feions. For this, we subtracted from
the experimentgiu T data of6 those of the compounddc-
CTH-H,)3[Fe(CN)]2:8H,0 and then the contribution of two
isolated metal ions witls = 1/2 andg = 2 was added,

amT = xmT{[Cu(rac-CTH)L[Fe(CN)],} —

NGB

1 T(CTHy){[Fe(CN)]-8H,0 + 2=

As can be observed in the corrected plot (Figure 12,
middle), upon cooling of the samplgyT increases continu-
ously from room temperature until reaching the maximum

data can be well reproduced (inset Figure 11) by using the at 7 K. In keeping with the structural data #rthe corrected

theoretical equation for two magnetically noninteractinty Ni
ions (= 1) with axial zero-field splitting derived from the
HamiltonianH = D[S? — 1/39S + 1)], whereD is the
energy difference betwedvi; = +£1 andMs = 0 levels. The
best fit leads tgD| = 2.65(6) cm* (the sign ofD cannot

xmT data were analyzed using a five spin model (see Figure

12) through the isotropic spin Hamiltonian
H = —J,(FeCy + Fe,Cu,,) — J,(Fe,Cu, + FeCuy) +

gPH(S(Cuy) + SCuyp) + SCW,) + SFe)+ SFey))

be determined from powder magnetic susceptibility data) and

g = 2.012(2). TheD value is similar to those observed for
other compounds containing 'Nions with distorted octa-
hedral geometrie¥®.

The magnetic properties éfin the formymT vS T (ym IS
the magnetic susceptibility/l€us unit under an applied field
of 1 T) are given in Figure 12.

In keeping with the orbital contribution of the low-spin
Fe' ion, at room temperature, theuT product (2.84 cr
mol~1 K) is higher than the calculated value for magnetically
isolated low-spin P& (S= 1/2,g = 2) and Cl (S= 1/2,

g = 2) ions of 1.875 ciiimol ™! K. yuT decreases upon
cooling reaching a minimum value of 2.298 €mol~' K at
around 40 K (Figure 12, top). Such magnetic behavior is
due, as in compound, to the spir-orbit coupling within
the2T,4 ground term of the low-spin octahedral'F®n. In

(60) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986.
10548 Inorganic Chemistry, Vol. 45, No. 26, 2006

in which the Cu-Cu and Fe-Fe exchange interactions have
been neglected. The best fit of the data to the theoretical
equation derived from the above Hamiltoniar&garameter
was included to take into account interpentanuclear interac-
tions) yielded the following parameters; = 13.8(2) cm?,

X 3.94) cm?t g 2.05(1), ® = —1.3 K. The

(61) This compound was prepared from the reaction betwefffeKCN)]
(0.18 g, 0.55 mmol);ac-CTH (0.23 g, 0.82 mmol), and 1 mL of 2 M
HCl (2 mmol) in a methanol/water mixture (1:1). After slow
evaporation at room temperature, the compound crystallizes as yellow
cubes. Yield: 63%. Crystallographic analysised@i3o0FeN240s):
monoclinic, space groufic; a = 11.1482(10)b = 18.2633(11)c =
38.173 (4) A3 =92.706(11); V=7763.5(12) R, 2= 4, p=1.221
g cn3; u(Mo Koa) = 0.437 mnt%; F(000) = 1574; T = 153(2) K;
Stoe Image Plate Diffraction System; M@Kadiation ¢ = 0.710 73
A); 20max= 52.1°; 27 862 reflections measured, 14 326 of which were
unique (R = 0.1735). The final refinement gave R 0.0691 and
WR = 0.1276 for 3667 observed reflections ¥20(l)) and 848
variables. The structure consists of thrae-CTH-H,?" cations, two
[Fe(CN)]3 cations, and eight molecules of water, all of them involved
in an intricate network of hydrogen bonds.
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Figure 13. Temperature dependence of theT product of7. The solid Figure 15. Schematic visualization of three possible magnetic orbital of

line is the best-fit curve to the theoretical equation. the iron(lll) mononuclear complex and the expected nature of the magnetic
exchange coupling for each one of them with the magnetic orbitals of the
chromium(lll) ions in8. The labels F and AF are used to indicate ferro-
and antiferromagnetic interactions.

Figure 14. Temperature dependence of theT product of8. The solid
line represents the best-fit curve to the theoretical equation.

ferromagnetic interaction between the'Fend CU ions is

a consequence of the orthogonality of their magnetic orbitals.

The Cul ion, with a trigonal bpyramidal geometry, hasza d

magnetic orbital (directed toward two nitrogen atoms of the

macrocycle) with mixture of the,d > orbital, both ofo

symmetry. The Cu2 ion, with an elongated octahedral

geometry, has a,d 2 magnetic orbital (directed toward the

nitrogen atoms of the macrocycle) alsoco$ymmetry. The

tag (dyy, Ok, and @,) magnetic orbitals of the low-spin e

ion are, as indicated elsewhere,;ofymmetry. Therefore,

the interaction between orthogoreandsr magnetic orbitals

leads to the observed ferromagnetic interaction. Because the

Cu2—N distance is rather long and because the nitrogen atom

of the cyanide-bridging ligand is axially coordinated, thé Fe Figure 16. Qualitative energy diagram of the lower lying quintet and triplet
Cuw' magnetic exchange interaction is much weaker than states in8 (black and gray, respectively). The notation of the electronic

the Fd'/Cu" one. The magnitude of the,; exchange configgrations indicates the numb_era)hnd,B ele_ctrons_on they orbitals
of the iron(Ill) and chromium(lll) ions. In the first (original) and second

coupling is similar to thO_SG observed for other (?yano'bridged (CI) columns are displayed the expected order of the states and the order
Fe'—Cu' complexes with short NCu bond distances of  found after a configuration interaction was applied.

about 2 A, which are found in the range 8:82.6 cny1.180.c62
The temperature dependence ofT (ym is the molar
magnetic susceptibility/GCu; unit under an applied field
of 0.1 T) of 7 is given in Figure 13.
As it can be observed in this figure, theT increases
continuously with decreasing temperature from a value of

_1 H 1 . .
5.34 cnt mol™* K at room temperature until reaching a 1,4l From the best it to the calculated equation for the

maximum of 6.23 crhmol™ K at 8 K and then decreases  gmnerature dependence of fhig the following parameters
to a value of 5.37 cfimol™* K at 2 K. The increase iguT were obtained:g = 2.08(1):J; = 6.95(3) cm%; J, = 1.9(2)
is indicative of ferromagnetic interaction between the' Cu cm % © = —1.5(1) K. TheJ; exchange parameter falls in

(62) Parker, R. 3. Lu, K. D.; Batten, S. R.. Moubaraki, B M < s the range of values previously reported (645.5 cnt?) for
arker, R. J.; LU, K. D.; balten, o. R.; VMloubaraki, b.; Murray, K. S.; H | |

Spiccia, L.; Cashion, J. D.; Rae, A. D.; Willis, A. G. Chem. Soc., the gxchapge cqupllng betwee_n Cand Ct' through a

Dalton Trans.2002 19, 3723. cyanide bridge with short CuN distances of about 2 A.63

and CH' ions, which is a consequence of the orthogonality
of their magnetic orbitals, ge(o character) anda§ (7
character), respectively. The decreasen belov 8 K is
due to either ZFS of the ground state or intermolecular
antiferromagnetic interactions. Becaudeand 7 are isos-
tructural, the magnetic data were analyzed with the same
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Table 2. Atomic Spin Densities (in € on Metal lons in [Fe(CNJ3~ and [Cr¢ac-CTH)(H20)]3* Mononuclear Models and in the Compl&k

[Cr(rac-CTH)(H,O)Fe(CN}]-2H.O (8)

S=2 S=1
param S=1/2 Fefor [Fe(CNJ]>~  S= 3/2 Cr for [Crfac-CTH)(H0)]3* Fe Cr Fe Cr
o(dy° 1.051 2.997 1.385 2.663 —0.739 2.673
p(tot.)° 1.055 3.012 1.391 2.674 —0.743 2.685
Apd 0.334 0.334 0.312 0.324

aln the last case results for quintuplet and triplet states are displ&gmin densities on d orbital.Total atomic spin densities on the metal ions.
d Absolute value of number of the transferred electrons between metal i@ sléfined as the difference between the atomic spin densities (on d orbitals)

in the complex8 and in the corresponding mononuclear complex.

Figure 14 shows the temperature dependencgg,®ffor
8 under a magnetic field of 0.1 T.

With decreasing temperaturguT increases gradually
reaching a maximum of 2.835 émol 1 K at 27 K, which
is indicative of the presence of a ferromagnetic interaction
between the Ct and Fé' ions through the cyanide bridging
group. Below 27 KywT decreases sharply to 1.63tmol™*
K at 2 K as aconsequence of either antiferromagnetic
intermolecular interactions or ZFS effects of tRe= 2
ground state. Th¥ vsH plot a 2 K is below that calculated
for the Brillouin function withS = 2, which is due to the

five d electrons must be placed in threg drbitals, only
one of them being the magnetic orbital. Thus, the nature of
the magnetic exchange coupling &is governed by the
spatial disposition of the magnetic orbital on the iron(lll)
ion. To simplify a qualitative analysis on the basis of the
molecular orbitals, we have considered an ideal geometry
where thez-axis is defined along the FECN—Cr direction.

In this description, antiferromagnetic contributions can be
expected when the magnetic orbital on iron is thgod the

dy, (Figure 15). Nevertheless, when thg, drbital is the
magnetic orbital on the low-spin iron(lll) ion, there is no

ZFS and/or the antiferromagnetic interactions occurring at delocalization from this magnetic orbital to the cyanide

very low temperature. At 5 T, the value of the magnetization
of 3.6 Nj is close to the magnetization saturation value of 4
N with gmean = 2. TO evaluate the exchange coupling
between Cl and Fé' ions through the CN bridge, the
magnetic susceptibility data were fitted to the calculated
equation derived from the Heisenberg Hamiltoniéh=
—J&Se A O parameter was included to take into account
intermolecular interactions. The best fit affords magnetic
parameters off = 2.04(3),J; = 28.87(3), and® = —1.9 K.

bridging ligand but to peripheral cyanide ligands. Therefore,
the overlap with the magnetic orbitals of the chromium(lil)
is nil (Figure 15) and consequently a weak ferromagnetic
contribution should be observed. However, the experimental
results suggest a moderate ferromagnetic exchange coupling
between the chromium(lll) and low-spin iron(lll) ions.

To find an explanation to this disagreement in the
magnitude of the exchange coupling, we have carried out
calculations of the electronic structure on the basis of the

The © value may be overestimated because the ZFS of thegensity functional theory. In previous works with cyano-
ground state has not been taken into account in the theoreticalijged systems, we have observed that density functional

equation.

In principle, the ferromagnetic coupling betweerf'Gnd
Fe" ions is hard to explain. If both metal ions were in an
idealizedOy, geometry, the interaction between their magnetic
orbitals of by type (r character) would lead to a good overlap
and so to antiferromagnetic interactions. However, if the
geometry of the metal ions is far fro@, as in the case of

calculations provide a good qualitative evaluation of the
exchange coupling constants. However, from a quantitative
point of view, the calculated magnetic couplings are
overestimated 4 In this respect, we have concluded that
the presence of the charged terminal cyanide ligands is
responsible for both the incorrect convergence of calculations
and the overestimation of the exchange coupling constants.

8, the symmetry would decrease and then the magnetic|p, fact, in these systems we have found different configura-

orbitals would not still be degenerate. In this situation, tions closer in energy, being not an easy task to obtain the

ferromagnetic interactions might be observed. The same e stable configuration. Some approaches have been used
argument was invoked to explain the ferromagnetic interac- y5 minimize both problems. Although the substitution of

tion observed for the 1D chain complexes [M(cyclam)][Fe- ¢yano groups by ammonia ligands minimizes both problems,
(CN)e] (M = Mn'l and Fé').* To justify the sign and  jt'ig ot enough and occasionally other problems related to
magnitude of the magnetlc exchang_e mteractloq observedthe influence of the terminal ligands can be joidé&d* The
for 8, DFT type calculations were carried out on this system. 4 qqition of a dielectric continuum to simulate the electronic
In the chromium(lll) ion the three§ orbitals act @ jnfyence of the solid on the molecule can improve the
magnetic orbitals, whereas in the low-spin iron(lll) ion its  4jactronic description of peripheral cyanide ligands. The
experimental dielectric constant in this kind of solid takes
values between 5 and 10. Thus, we have chosen the dielectric
constant of the solvent dichloromethane to simulate the solid
effects. Our first calculations have been made on the
mononuclear models built from the experimental geometry
of 8. The NBO analysis in the chromium(lll) mononuclear
(S = 3/2) shows that delocalization and polarization of the

(63) (a) El Fallah, M. S.; Ribas, J.; Solans, X.; Font-Bardia, Néw J.
Chem.2003 27, 895. (b) Marvaud, V.; Decroix, C.; Scuiller, A;
Guyard-Duhayon, C.; Vaissermann, J.; Gonnet, F.; Verdaguer, M.
Chem—Eur. J.2003 9, 1677.

(64) (a) Colacio, E.; Dofmguez-Vera, J. M.; Ghazi, M.; KivékaR.; Lloret,

F.; Moreno, J. M.Chem. Commun1998 10, 1071. (b) Lijima, S.;
Honda, Z.; Koner, S.; Mizutani, B. Magn. Magn. Mater2001, 223

16. (c) Bhattacharjee, A.; Miyazaki, Y.; Nakazawa, Y.; Koner, S.;
Lijima, S.; Sorai, M.Physica B2001, 305, 56.
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spin density on the carbon and nitrogen atoms of the cyanideit is expected a larger mixture between the ground and the
groups, respectivelf?, are weak. In the same way, in the excited configurations in the quintet state (Figure 16). This
low-spin iron(lll) mononuclear§= 1/2) weak delocalization  conclusion is supported by the values displayed in Table
and polarization on the second (nitrogen) and first (carbon) 1. In this sense, the quintet state becomes more stable than
neighbor atom of cyanide group are observed. In both casesthe triplet state and an increase in the magnitude of the
the spin density is placed almost on the metal ions, ferromagnetic exchange coupling is observed.

specifically in d orbitals, where it is near to the expected

value for a free ion [3 and 1-¢for the chromium(lll) and ~ Conclusions

iron(ll1) ions, rgspectively (see Table Zf. _ _ [M'(rac-CTH)]™ complexes (M= Cr'', Nil', Cu') with
The calculations shows that the more stable configurationy,,, ¢is available coordination positions, when assembled

for the iron(ll) mononuclear complex is that in which the iy cvanometalates, give rise to a rich variety of neutral

magnenc Qrbltal is thegone. This result is alsq confirmed cyano-bridged heterometallic complexes that exhidigw!,

in theoretlcallca_lculatmns _0|8. Thus, according tp the _and MM stoichiometries. The [Nitc-CTH)J2" complex

previous qualitative analysis, a weak ferromagnetic or nil is an appropriate building block to obtain isolated molecular

excha_mge coupling is expected. Howgver, the exCh"’mgesquares, which, if they have free cyanide groups, can be used
coupling constant evaluated from energies calculated for the ¢ “ligands” toward trans planar [M(macrocyf&)[M = Ni'

quintet and triplet states @is +35 cn1* (+1480 cm* in and CU) to produce mixed ligands and trimetallic chains

al_ashenr(]:e o;‘ thedc?ntlnuuhm model)_. This \llalue is in agreement - 4a of squares units. When the complexest@uCTH)J2+
with that found from the experimental measurements. A,y (cr¢ac-CTH)J* are used, only open structures can be

detailed study on the atomic spin densities reveals partial ,haineq. This fact is due, in the first case, to the plasticity

charge transfers are the cause of the moderate magnetic, 4 jahnTeller effect of the Cliion and. in the second
coupling. In previous work, we have found that partial charge case, to the coordination of a water molecule to thé ©n

transfer fhahs an impo.rtant ikr:fluence in I‘;Ee maghnitude and that avoids the formation of the cyclic structure. This rational
nhaturrt]a of the m?gnetlc exfc anghe coup & bhOt hstate; synthetic strategy can be extended to the assembly of other
the charge transfer occurs from the iron(lll) to the chromium- cyanometalate and anisotropic [M¢-CTH]™ precursors,

(Ill) ion. Thus, in the quintet state the chromium(lll) ion  \hich should lead to new magnetic systems with potential
cannot accept an electron in istyg orbitals and only the SMM and SCM behaviors

tog electron of iron(lll) can be transferred to the chromium
(Figure 16). This fact is equivalent to consider an interaction
or mixture between the HeCr!" ground and the FéCr!
excited configurations (Figure 16). A similar situation is
proposed for the triplet-BS configuration. In a semiquanti-
tative way, the transferred electronsp) have been calcu-

lated from the atomic spin densities in quintet- and triplet- . . s
BS states of8 and those previously obtained in the interaction between Feand CH' in compoundB. The nature

. and magnitude of this magnetic interaction has been justified
mononuclear models (Table 1). In according to the above- g g :

mentioned details, the electron charge transfer is observe(}Jy DFT type calculations.

in the quintet and triplet states. Despite the similarity between  Acknowledgment. This work was supported by the
the schemes of the quintet and triplet states, there is a crucialSpanish Ministerio de Ciencia y Tecnolaghrough Projects
difference. In the quintet- and triplet-BS states, the local BQU2001/3221 and Junta de AndalaicA.R.-D. thanks the

electronic configurations of iron(IV) in the excited states are Ministerio de Ciencia y Tecnolégifor a predoctoral fel-
different. In the first case the iron(IV) is visualized as a triplet |Jowship.

while in the last one it is done as a less stable singlet. Thus,

The different structures for complex@s-8 have indeed
afforded various magnetic behaviors (ferromagnet, meta-
magnet, spin crossover, etc.), which, in some cases, are
significant for understanding the relation between structure
and magnetic properties in cyano-bridged polynuclear sys-
tems. It is interesting to note the unexpected ferromagnetic
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