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Abstract

The design and preparation of stable cyanide-bearing six-coordinate complexes of forfdla(®N),]* /="~ (M = trivalent transition metal
ion and L =polydentate blocking ligand) are summarized here. Their use as ligands towards either fully hydrated metal ions or coordinativ

Abbreviations:  bipy, 2,2-bipyridine; phen, 1,10-phenanthroline; bpym, 'Zhibyrimidine; dpa, 2,2dipyridylamine; pyim, 2-(2-pyridyl)imidazole;
ampy, 2-aminomethylpyridine; en, ethylenediamine; dmbpy,’-difethyl-2,2-bipyridine; Hacac, acetylacetone; terpy, '22’-terpyridine; bpca,
bis(2-pyridylcarbonyl)amidate; tacn, 1,4,7-triazacyclononane;stdtm, 1,4,7-trimethyltriazacyclononane; HB(pz) hydrotris(1-pyrazolyl)borate; PRh
tetraphenylphosphonium; AspPh tetraphenylarsonium; tach, 1,3,5-triaminocyclohexane; B(pzietrakis(1-pyrazolyl)borate; tetren, tetraethylenepentaamine;
MeOsaleR~, N,N'-ethylenebis(3-methoxysalicylideneiminate);o1tt, 11,23-dimethyl-3,7,15,19-tetraazatricyclo[19.3%3Jhexacosa-2,7,9,11,13(26),14,19,
21(25),22,24-decaene-25,26-diol; dmphen, 2,9-dimethyl-1,10-phenanthrojiapoXN,N'-bis(3-aminopropyl)oxamide; impy, 2-(2-pyridyl)-4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazolyl-1-oxy; bbgm, N,N'-bis(quinolyl)malonamide; kpbgm, N,N'-bis(quinolyl)dibenzylmalonamide; NEt, tetraethylammonium;
NButt, tetran-butylammonium; o%X , oxalate; saltméT, N,N'-1,1,2,2-tetramethylethylenebis(salicylideneiminate); Hhfac, hexafluoroacetylcacetone;
NITPhOMe, 4-methoxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxy-3-oxide; pagyridine-2-aldoximate; bt, 2)bithiazoline; 2,4,6-tmpkr, N-2,4,6-
trimethylphenyloxamate dianion; pba@H N,N'-2-hydroxy-1,3-propylenebis(oxamate); HPhSe®enzeneseleninic acid; 5-Brsafen NN -ethylenebis(5-
bromosalicylideneiminate); 5-MeOsafen N,N'-ethylenebis(5-methoxysalicylideneiminate)?, L6-methyl-1,4,8,11-tetraazacyclotetra-decan-6-amirg; 10-
methyl-1,4,8,12-tetraazacyclopentadecan-10-amine
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unsaturated preformed species, to afford a wide variety of low-dimensional metal assemblies whose nuclearity, dimensionality and magneti
properties can be tuned, is also reviewed. Special emphasis is put on the appropriate choice of the end-cap ligand L whose denticity determin
the number of coordinated cyanide groups in the mononuclear precursors. Among the different new spin topologies obtained through this ration:
synthetic strategy, ferromagnetically coupled 4,2-ribbon like bimetallic chains which exhibit slow magnetic relaxation and hysteresihaffects (

as magnets) are one of the most appealing and constitute the heart of the present contribution.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Cyanocomplexes; Preparation; Crystal structures; Polynuclear complexes; Bimetallic chains; Chains as magnets; Magnetic properties

1. Introduction ber of magnetic neighbours. So, following analogous recipes
and using the same chemicals, Miller et al. were able to push
Several recent reviews have been devoted to the chemistry tfe value of7; up to 373 K[21]. Also Girolami et al., using a
cyanide-bridged metal complexgs-5]illustrating the popular-  sol—gel approach, prepared a sample with a stoichiometry close
ity of these old but evergreen systems. One of the keypoints db K| V! Cr{ll whoseT is equal to 376 K (that is above the boil-
the cyanide group is its ability to link two different metal ions ing temperature of watef20].
when acting as a bridge, a quality which is related to its asym- Nowadays, one of the mostremarkable aspects of the Prussian
metric character. Alarge number of cyanide-bridged compoundslue phases from a magnetic point of view lies in the fact that
which are known, show awide range of applications such as cat#é-is possible to predict the nature of the interaction and also to
lysts[6,7], ion exchanger8], molecular sieve®—12], hostsfor  estimate the value af; by using simple orbital models which are
small molecules and iorj%,13,14] photosensitizerd 5], room  based on the symmetry of the magnetic orbitals (singly occupied
temperature magnef&6—21] electrochemically tunable mag- molecular orbitals]35]. This is a very important point for the
nets[22,23], photomagnetisni22,24-31]and magneto-optics chemist because he needs simple tools to orient his preparative
[32,33] Among this family, the Prussian blue-like phases ofwork towards the wanted products overcoming thermodynamics
general formula GA,[B(CN)e],-xH20 (C is a univalent cation; and kinetics that often impose their rules leading to undesired
A and B are six-coordinate transition metal ions which are highmaterials.
and low-spin ions, respectively) have caught the eyes of sci- Asourknowledge of Prussian blue and its analogues becomes
entists interested in magnetic studi@g]. These compounds deeper, chemists are more and more interested in lower dimen-
exhibit well known cubic phases, where A ocupies all the sumsionality cyanide-bridged compounds, that is to enter into the
mits and all the centres of the faces, [B(GNills the octahedral molecular regime. In fact, the reaction of the hexacyanomet-
sites and C can be inserted in some of the tetrahedral holeallate unit [B(CN)]©®—%~ with the fully solvated species
Because of the high symmetry of their structures, the predictiofA(H,0)s]** affords the highly insoluble three-dimensional
of the nature of the exchange interaction between the A and Brussian blue analogues. The most common problem dealing
metal sites through the linear A-NC—B fragment which devel-with the characterization of these compounds is their poor
ops in the three directions is an easy task. Let us visualize therystallinity and consequently, the difficulty in growing single
three different cases for magnetic coupling inthe linear A-NC—Ecrystals (amorphous powders are often obtained with peculiar
fragment. As only the low-lyingo}; orbitals are occupied for B stoichiometries). A technique for the synthesis of high quality
(d" B ion withn>6 is unknown for [B(CNg]), the nature of the  single crystals of the Prussian blue family, which is crucial for
magnetic coupling between A and B depends on the electronimagneto-structural correlations, has not yet been developed. In
configuration of A. Three cases are possible: (i) if all the unpairedhis respect, we note that the first report concerning the single
lectrons of A occupydytype orbitals, the A-B interactionis anti- crystal X-ray analysis of a (& ,[B(CN)g],-xH20 Prussian blue
ferromagnetic leading to a ferrimagnet when the local magnetianalogue with a strictly face-centered cubic lattice structure (the
moments are not compensated; (i) if the unpaired electrons afompound of formula NaMn[Cr(CN)) was published in 2004
Alie in both t,g and g orbitals, the A-B interaction is also anti- [36].
ferromagnetic (ferrimagnet) but of weaker magnitude than in Following the demand for the rational design of clearly iden-
(i) because of the ferromagnetic contributions arising from theified target molecules, impressive synthetic work has been
strict orthogonality between thggt(at B) and g (at A) orbitals;  performed since the 1990’s tending towards the nuclearity con-
(iii) finally, if the unpaired electrons of A occupy erbitals, the  trol of the cyanide-bridged compounds. The most commonly
A-B interaction is ferromagnetic (case of strict orthogonalityused synthetic strategy consists of reacting the hexacyanomet-
between the magnetic orbitals) and the resulting compound withllate unit [B(CN}]®—%)~ (Lewis basep being the charge of
be a ferromagnet. These orbital considerations were succesfulB) with a coordinatively unsaturated six-coordinate metal com-
applied by Verdaguer and coworkers in long term work to pustplex [A(L)(H20),]©~* (Lewis acid,a and! being the charges
the Curie temperaturer§) from 5.6 K in Prussian blue itself of A and L, respectively), the number of available coordina-
to 315K in the compound Yo 42V 0 5/Cr(CN)s]o.86:2.8H,0O tion sites and their relative position (for instanes: or trans-
[17]. This compound is the first rationally synthesized moleculein the case of two labile sites ander- or fac- in the case
based magnet whog® value is above room temperature. This of three) around the metal ion“A being determined by the
temperature was later increased by improving the crystallinity oflenticity and stereochemistry of the blocking ligand L. Recent
the sample or by changing the stoichiometry to increase the nunmeviews have outlined the impressive results obtained through
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this strategy[3-5]. More recently, this rewarding chemistry bridge). The cyanide group has several singularities: first, its
has been also extended to octacyanometallate building bloclesymmetric character makes it a very appropriate ligand for
of Mo'V [37-46] MoV [47-51] WV [39-43,45,52-54]WV  selective binding of two different metal ions; second, it is able
[49,50,52-54,55-59]Nb"V [60,61] and R& [62] aiming at  to mediate strong magnetic interactions between the paramag-
preparing metal assemblies that exhibit new and interesting magetic centres that it bridges; and third, due to the quasi linear
netic or photomagnetic properties. Comparatively speaking, tharrangement of the M—CN-Mntity, the nature of the magnetic
heptacyanometallates which are better candidates for designimgupling is easily predicted and its value tuned by choosing the
low-symmetry cyanide-bridged compounds (important characmetal centers M and Mnvolved. A priori, this allows to predict
teristic when thinking at anisotropic magnetic properties) havehe nature of the ground spin state of the cyanide-briged entities.
received less attentiof87,63—70] Without being exhaustive
for brevity reasons, one can cite the following results on the2.1. Preparation of the precursors [M"(L)(CN), J*+!=m=
basis of their relevance from a magnetic point of view: (i) the(L = blocking ligand)
rational design of heterobimetallic complexes whose nuclearity,
anisotropy and ground spin state are controjl&d 72}, (ii) the As mentioned above, in an attempt to extend the vast cyanide
preparation of discrete coordination compounds with groundehemistry to the molecular regime, several groups have devel-
spin states as large 8s 27/2, 39/2 and 51/@47,55,71,73](iii) oped an alternative synthetic route which consists of using
the achievement of single-molecule magnets (SM\4)-77] stable cyanide-bearing six-coordinate complexes of general
whose signature is a slow magnetic relaxation of the magnetformula [M(L)(CN),]¢*/~™~ (M =transition metal ion and
zation demonstrated by a frequency-dependent out-of-phase be polydentate ligand) as ligands towards either fully solvated
susceptibility signal and hysteretic behavior which are relatednetal ions or partially blocked metal complexes. The possibili-
to the combination of a large spin ground state and negative unties that these type of precursors offer and the main parameters to
axial anisotropy (see refi78] for detailed information); (iv) the play with, are summarized Bcheme 1Although bidentate and
isolation and characterization of the first photomagnetic hightridentate ligands (L) were considered in this scheme for sim-
spin heterometallic molecule where a high-spin species witlplicity reasons, the same points shown therein apply for other
ferromagnetic interaction between the spin carriers is inducedenticity ligands.
by irradiation upon blue light (410-415 nm), the process being Let us outline briefly some of the points associated with the
thermally reversiblg79]. choice of these building blocks and their advantages. Concern-
Another more elaborated strategy which is used by a smalhg the cyanide-bearing precursor, its spin is determined by the
number of research groups consists of decreasing the numbeature and oxidation state of the metal ion M. As shown below,
of cyanide groups of the hexacyanometallate [B(§}{) 2~ the early research focused on trivalent transition metal ions
precursor by blocking some of its coordination sites with a poly-such as chromium(l)Scr = 3/2), low-spin iron(lll) Sre=1/2)
dentate ligand13,74,80-88] A better control of the polymer- and ruthenium(lll) §r, = 1/2). Each unpaired electron of M is
ization possibilities is expected through these convergent precudefined by a magnetic orbital whose symmetry is topologically
sors of formula [M(L)(CN)]®*/~™~ (M = transition metalion, dependent. The local anisotropy of M is also a factor to be taken
x=number of cyanide ligandss charge of L and: =charge of  into account when aiming at preparing anisotropic high-spin
M). This bottom up strategy is thoroughly analyzed and dis- molecules; this is one of the crucial parameters needed to obtain

cussed below. a single molecule magnet (SMNDO03]. As far as the peripheral
ligand L is concerned, its nature is extremely important because

2. Synthetic strategy: choice of the precursors and of the variety of roles that it can play. Firstly, the charge of the

analysis of the relevant parameters precursor [M(L)(CN)]®*!=m)~ depends not only on the oxida-

tion state of M but also on L (in general, L is a heutral species but

One of the best methods for the rational synthesis of nucleait can be charged). Secondly, the number of the cyanide groups
ity tailored polynuclear complexes is the use of a stable buildindhound to M and their relative positions (stereochemical control
block which can act as ligand (complex as ligand strategy). Alof the coordinated cyanides) are fixed by the number of periph-
the tools associated with the flexibility of coordination chem-eral ligands L as well as by their denticity and conformation.
istry are used in this strategy. Three of the most best rewardin§o, four cyanide groups are coordinated to M and two of them
examples are represented by the oxamidatocopper(ll) complexase intrans position when L is a bidentate ligand such as bipy,
[89-93] the tris(oxalato)chromate(lll) entif,94-99]and the  phen, bpym, dpa, pyim, ampy, en or acac and only one L group
hexacyanometallate familj2—4,71-73,75,76,100-102thich  is present. In the case where two bidentate L ligands are bound
have provided a plethora of new extended systems with inteto M, the two cyanide groups can adoptns [85a] or cis con-
esting magnetic properties. These precursors have in commorfemations[104] depending on the geometric constraints of L.
high solubility in water, a great stability (their nature being keptlIf L is a tridentate ligand, three cyanide groups are presentin the
in solution), an anionic character (important parameter whemoordination sphere of M and they can exhibit#the (L = terpy
thinking at their reaction with cationic species (fully solvated or bpca) otfac [L = Mestacn or HB(pz}] conformations. For L
cations or preformed cationic complexes) and a good complexdeing a tetradentate ligancis andtrans dicyanide-containing
ing ability (chelating and bischelating character of the oxamidatepecies are possible. Thirdly, when L is not only a terminal lig-
and oxalate and remarkable capability of the cyanide to act asand (like bipy) but may act also as a bridge (case of bpym),
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the complexing ability of the precursor is increased. Fourthlyjized in common solvents (both polar and non polar). They were
supramolecular interactions across the L ligand are also posharacterized by chemical analysis, infrared spectroscopy, X-ray
sible: m—m stacking involving the aromatic rings from bipy or diffraction on single cystals and variable-temperature magnetic
phen and hydrogen bonds using theNHgroup from dpa and susceptibility measurements.

piym or the H-B unit from HB(Pz}, for instance. This versatil- The source of chromium in the chromium deriva-
ity of the anionic precursor is completed by the possibilities thatives is the air-sensitive dinuclear chromium(ll) complex
the cationic species can offer which can be the fully solvatedCra(CH3COO}(H20),] [105]. The preparation of the com-
[M’(H20)6]™* or partially blocked [M(L/)(HZO)y]’“.As pre- pound of formula PPHCr(bipy)(CN)]-2CHsCN-H20 is
viously indicated for M, the spin size and local anisotropy 6f M detailed here as a representative example of the procedure used
are dependent on its nature and its oxidation state. The numbfar the other tetracyanide chromium(lll) series, the bidentate
of labile coordination sites and their spatial distribution aroundigand being phen, ampy and en. The synthetic route is outlined
M’ are dependent on the denticity of. Iin the light of these below (Scheme 2

considerations, one can easily understand the potential richness Most of the synthetic work is carried out under an inert
of this synthetic route as far as the rational design of nuclearitatmosphere and in a typical experiment, a 1:1:4:1 Cr(ll):
and dimensionality controlled cyanide-bridged assemblies arbipy:CN~:PPh* molar ratio was usef86f]. The infrared spec-
concerned. trum of the compound PRJCr(bipy)(CN)y]-2CH;CN-H,O as a

2.1.1. With a bidentate end-cap ligand

X . . HCI/H,Q

We will focus here on the preparative routes and characteriza- [Crz'l(CH3COO)4(H20)z]aqu’ [Cr'(H,0)]™,
tion of selected examples of mononuclear precursors of formula r o A
[M" (L)(CN)4]~ with M = Cr and Fe and L = bidentate nitrogen PYo I AT
donor, that we are using in our current research work. They are LCr(bipy)(CN)4]2-aq<w [Cr(bipy)(H,0), >,
quite stable paramagnetic and anionic building blocks with local
spins of 3/2 (C') and 1/2 (low-spin F¥). In general, we use ~ PPhCl O
two types of cations as precipitating agents: univalent alkaline yejiow solid — PPh,[Cr(bipy)(CN),] - 2CH,CN - H,0
cations (lithium and potassium essentially) and bulky organic Hz?/l%}é;CN (vield ca. 35%)

cations (tetraphenylphosphonium or tetraphenylarsonium). This
allows us to isolate high purity precursors which can be solubi-

Scheme 2.
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Fig. 2. A view of the hydrogen-bonded pair of [Cr(bipy)(CN).

of a distorted six-coordinate environment of the chromium atom
Fig. 1. Perspective view of the structure of [Cr(bipy)(GN). Adapted from with four terminally bound cyanide groups and the bidentate
Toma et al[86f]. Copyright ©Wiley-VCH. nitrogen donor. As in the preceding compound, quasi Curie law

behavior of a magnetically isolated spin quadruplet is observed
KBr disk exhibits two peaks in the cyanide stretching region: ondor this family.
at2212w cnm! (CHsCN molecule) and the other at 2124w thn Dealing with the low-spin iron(lll) precursors of formula
(terminal cyanide ligand), w standing for weak. The X-ray struc-[F€" (L)(CN)4]~, the preparative route is a modification of
ture of this compoundRig. 1) shows the occurrence of the Schildt's method107] and is illustrated by the following syn-
desired anionic building block [Cr(bipy)(CbI)~ with four ter-  thetic pathway $cheme Bwhere the bipy molecule is chosen
minally bound cyanide groups and a bidentate bipy lig&ed.  as the L ligand86b].
The anions are grouped by pa”-_gq 2) in\/o|\/ing the Crystaj- The source of iron is the diamagnetic |OW-Spin iron(ll) com-
lization water molecule and two cyanide-nitrogen atoms fromPlex [Fe(bipy}]** which is treated with a large excess of cyanide
two [Cr(bipy)(CN)]~ anions resulting in a quasi square cen-(a 1:45 [Fe(bipy3]>*:CN~ molar ratio was used in a typical
trosymmetric motif Cr(1)-O(1)-Cr(1a)-O(1a). The magneticexperiment) under heating. The insoluble product of formula
properties of this compound reveal the occurrence of the Curif-e(bipyh(CN),]-3H0 separates as large violet needles in a
law behavior for a magnetically isolated spin quadruplet with ghigh yield upon cooling. Its digestion in an hot aqueous solution
slight decrease of thgy T product (v is the molar magnetic

susceptibility) at very low temperatures which may be attributed Lo 12 KCN,/H,0 Ly
" e - . e T >
to the zero field splittingZ) of the chromium(lll) ion, to weak (Fe (bipy)sl™s A [Fe'(bipy),(CN),],
antiferromagnetic intermolecular interactions or to both factors A l KCN, /H,0
simultaneously. " d:
Y. Cl (one day)

The structures of the related chromium(lll) complexes . » M N
of formula PPB[Cr(phen)(CN)]-H20-CHsOH (Fig. 3 lefty  PPRulFe (Gipy)(CNLl "HO (€07 = [Fe (bipy)(CN)I .,
[86g], PPh[Cr(ampy)(CN:)]-HO (Fig. 3 middie) [86g] and (yield ca. 40%) ©
PPh[Cr(en)(CNy)]-H20 (Fig. 3, right) [106] show the presence Scheme 3.

Fig. 3. Perspective views of [Cr(phen)(@)}~ (left), [Cr(ampy)(CN)]~ (middle) and [Cr(en)(Ch)]~ (right). Adapted (left and middle) from Toma et §86g].
Copyright ©The Royal Society of Chemistry and the Centre Nationale de la Recherche Scientifique.
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Fig. 4. Perspective view of the [Fe(bipy)(CJJiy anion (left). Molecular structure of K[Fe(bipy)(CN)H20 showing the environment ofKcation (right). Adapted
from Toma et al[86c¢]. Copyright ©The Royal Society of Chemistry.

containing an excess of cyanide (a 1:360 iron to cyanide moldiour terminally bound cyanide ligands building a distorted
ratio) during one day yields the orange brown solid of formulaoctahedron surrounding the iron atom. In the case of the
Ko[Fe(bipy)(CNY]-3H20 in a practically quantitative yield. dmbpy-containing complex, an unprecedented cyclic tetranu-
Oxidation by chlorine of this last compound in the presence otlear water ring with two dangling water molecules links two
a suitable precipitating cation such as tetraphenylphosphoniufire(dmbpy)(CM)]~ anions. Focusing on the bpym-containing
affords the complex PRfFe(bipy)(CN)]-H,O whose structure  complex, the relevant aspect to be outlined is that it can act as
(Fig. 4, left) [86b] reveals the occurrence of a bidentate bipya ligand through the two outer bpym-nitrogen atoms in addi-
ligand and four terminally bound cyanide groups. Its magnetidion to the four cyanide-nitrogen atoms, its complexing ability
behaviour is as expected for a low-spin iron(lll) complex, thebeing thus higher to that of the other members of this family.
value ofueff at room temperature being 2.38 BM. These anionsThe magnetic properties of these tetracyano-containing iron(l11)
are well separated from each other by the bulky organigPPh complexes are as expected for magnetically isolated low-spin
cation. However, when the potassium cation is used as the precipen(lll) complexeg86a,108-11Q]

itating agent, the compound of formula K[Fe(bipy)(GNH20

[86c] is obtained where the potassium atom is surrounded bg.1.2. With a tridentate end-cap ligand

four nitrogen-cyanide atoms from four [Fe(bipy)(GIN) units Remarkable examples of tricyanide-bearing mononuclear
and a water molecule taking a distorted square pyramidal envspecies were prepared by Long and co-workig4,81] to
ronment Fig. 4, right). construct molecules consisting of just one of the fundamen-

The structures of the related iron(lll) complexes of formulatal cage units comprising the Prussian blue framework. Rep-
PPh[Fe(phen)(CN)]-2H,0 (Fig. 5 left) [86a], PPh[Fe(ampy) resentative examples are: [M(tacn)(GNXM =Co3*, Cr*)
(CNg)]-H20 (Fig. 5 middle)[108], PPh[Fe(bpym)(CN)]-H,O  [81a], [M(Mestacn)(CN}] (M =Cr3*, Mo®*) [74,81b—e]and
(Fig. 5, right) [109] and PPK[Fe(dmbpy)(CN)]-3H20 (Fig. 6)  [M(tach)(CN)] (M =Cr3*, Fé¥*, Ca®) [81g]. All these pre-
[110] have in common the bidentate nitrogen donor and theursors have in common: the neutral character, the presence of a

Fig. 5. Perspective views of the structures of [Fe(phen}(TN(left), [Fe(ampy)(CN)]~ (middle) and [Fe(bpym)(CN]~ (right). Adapted (left) from Lescaizec
et al.[86a] Copyright ©American Chemical Society.
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Fig. 6. Perspective view of the structure of [Fe(dmbpy)4IN complex (left) and of the water cluster linking two complex units (right).

tridentate nitrogen donor iryac arrangement and the occurrence the two former species amekr in the latter one. The preparative
ofthree cyanide ligands which also adofiit@arrangement. This  route used for the isolation of the pyrazolylborate-containing
stereochemistry of the cyanide groups is very important becaussmmplexes is summarized hereundectieme %
their arrangement is specially suited to build cage compounds The hydrotris(1-pyrazolyl)borate ligand as a potassium salt
of cubic symmetry, as already demonstrated. A typical synthewas prepared by following Trofimenko’s proced(ité4]. The
sis of these precursors is exemplified by [Cr@téen)(CN}]: neutral and air-stable iron(ll) compoudé&e[HB(pz}]2} pre-
the reaction of [Cr(Mgtacn)(CRSQO;s)3] [111,112]with KCN cipitates as a purple solid by reaction between K[HB{pajhd
(7.5:180 chromium to cyanide molar ratio) in dimethyl sulfox- FeCh in a 2:1 molar ratio. A suspension ¢Fe[HB(pz}]2}
ide at 120°C during one day and under a dinitrogen atmospherand KCN (1:3 iron to cyanide molar ratio) in 2-propanol is
affords the species [Cr(M&acn)(CN}] in solution. It precipi- heated for 12h at 80C in order to generate the compound
tates as a yellow solid by adding dichloromethane and cooling2{Fe[HB(pz}](CN)s} as a yellow solid. Once dissolved in
in an ice batf81b]. a minimum amount of water, it is oxidized to the corre-

Another relevant example of a cyanide-bearing pre-sponding iron(lll) complex by 30% $0,. The addition of
cursor designed to build molecular cages and squaregtraphenylphosphonium chloride allows its isolation. The sub-
is the half-sandwich tricyanometallate of general formulastitution reaction of one HB(pz)igand of the{Fe[HB(pz}]2}
[M(C5R5)CN)3]~ (R=H and CH; M=Co, Rh and Ir). In this  species by three cyanide ligands is complete in one hour and a
case, the precursor is a monoanionic organometallic specidslf when using PACN instead of KCN as the cyanide source.
whose versatility as a ligand toward partially blocked metal com-A similar synthetic pathway is used for the preparation of
plexes has provided a large family of bimetallic cyanide-bridgedhe tetrakis(1-pyrazolyl)borate-containing complex. The crys-
boxes[80]. tal structures of these two complexdsid. 7) show thefac

Our attempts in this framework have focused on the prepaarrangement of the three cyanide ligands, the symmetry of the
ration of the low-spin iron(lll) species PR{Fe[HB(pz}] coordination polyhedron of the iron atom being closeCty
(CN)3}-H2O [86d], PPh{Fe[B(pzy](CN)3} [113] and (Fig. 7, left) andCs (Fig. 7, right).
PPhy[Fe(bpca)(CN3]-H20 [86€] where the conformation of The source of iron for the mononuclear complex RRiar-
the tridentate blocking ligandgzc [HB(pz)s and B(pz)] and  [Fe(bpca)(CNj]-H20 is the compound [Fe(bpca)TEtOH)]
mer (bpca) determines that of the three cyanide grofipsin [115] which is prepared by reaction between Hb{&46]

2 KBH, 2KBH,
A 6Pz A 8Pz
2 K[HB(pz);] 2 K[B(pz),]
{Fe"[HB(PZ)ﬂz}(n ¢ s FeCl. /McOH Ho > {Fe"lB(pZ)an}(>)
H,0 : H,0
KCN/2-propanol KCN7/2-propanol
Kz{Fe"[HB(PZ)zl (CN)J}(S) Kz{FeII[B(PZ)4] (CN);}(S,
H,0, lPPmCl(s) H,0, lPPmCl(s)
PPh,{Fe""[HB(pz2);] (CN);} ' H,0 PPh,{Fe""[B(pz),1(CN);}
yield ca. 70% yield ca. 70%

Scheme 4.
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Fig. 7. Perspective views of the structures offfke[HB(pz}](CN)3} ~ (left) and{Fe[B(pzx](CN)s}~ (right). Adapted (left) from Lescazec et al[86d]. Copyright
©American Chemical Society.

and anhydrous Feglin a 1:1 molar ratio. The addition ching vibration at 2123, 2117 and 2126<chfor the HB(pz} ™,

of a concentrated and hot aqueous solution of KCN an@(pz),~ and bpca-containing iron(lll) complexes respectively,

PPhCI to an aqueous solution of [Fe(bpcagEtOH)] (3:1:1  also support the doublet spin state for the iron(lll) ion.

cyanide:tetraphenylphosphonium:iron molar ratio) causes the

precipitation of the compound PHFe(bpca)(CNg]-H20 3, Cyanide-bridged low-dimensional bimetallic

which is purified by recrystallization from acetonitrile and complexes with tetracyano-, tricyano- and

methanol. Its X-ray crystal structu{@6e] confirms themer  dicyano-bearing building blocks

arrangement of the three cyanide liganBgy( 8, left) and the

practically C2y symmetry around the iron atom. The anionic 3.7, [CA(L)(CN)4]~

entities are grouped by pairs through hydrogen bonds involving

the crystallization water molecule, a carbonyl-oxygen atomand The use of this building block with L=bipy as a ligand

a cyanide—nitrogen atonfrig. 8 right). towards fully hydrated manganese(ll) ions yielded the neu-
The magnetic moment at room temperature of these iron(lllyral trinuclear specie§Cr(bipy)(CN)j]2Mn(H20)4}-4H,0 and

complexes feff ca. 2.4 BM) demostrates that they are low-spintwo one-dimensional compounds of formg[&r(bipy)(CN)a]2

iron(lll) complexes §re=1/2). The values of thecn stret-  Mn(H,0);} and {[Cr(bipy)(CN)]2Mn(H20)}-H20-CH3CN

Fig. 8. Molecular structure of PRfre(bpca)(CNj]-H2O: perspective view of the structure of the [Fe(bpca)(§N)anion (left) and of its pairing through hydrogen
bonds (right). Adapted (left) from Lescérec et al[86€e]. Copyright ©American Chemical Society.
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Fig. 9. Molecular structure of[Cr(bipy)(CN)s]2Mn(H20)4}-4H,0: perspective view of the trinuclear motif (left) and a view of the hydrogen bonds linking the
trinuclear motifs (right). Adapted from Toma et §86f]. Copyright ©Wiley-VCH.

[86f]. The [Cr(bipy)(CN)}]~ unit acts as a monodentate lig- 71
and towards a [Mh(H20)4] entity through one of its four ]
cyanide ligands affording the neutral centrosymmetric trinu- 6
clear species which is shown Iig. 9 (left). The C—C-N ]
angles for the terminal cyanide groups are somewhat bent 5]
[177.9(6)-175.3(7) whereas those of the bridging cyanide ]
departsignificantly from strictlinearity [170.7(7and 168.9(6)

for C—C—N and Mn-N—C, respectively]. The intramolecu-
lar Cr(1)- - - Mn(1) separation across the bridging cyanide is
5.364(1)&. The trinuclear units are linked by hydrogen bonds ]
involving the coordinated and crystallization water molecules 5]
and one of the three terminal cyanide ligangig( 9, right). The ]
magnetic properties of this compound in the formygfT and 1]
xm versusl plots (Fig. 10 are consistent with the occurrence ofa ] 50 ‘°°T/K‘5° 200
significant antiferromagnetic interaction between the peripheral e
spin quartets and the central spin sextuplet 6.2 cm i, the 0 50 100 150 200
Hamiltonian being defined a8 = —J(Scr(1)-SMn + Scr(2)-Smn)] T/K

leading to a ground spin doublet. This value of the magnetic cou-

: - il Fig. 10. xmT vs. T plot for {[Cr(bipy)(CNu]2Mn(H20)4}-4H20O: (() experi-
p“ng compares well with those reDorted for thé!€ICN-Mn mental data; (—) best-fit curve. The inset showsthgA) vs.T plot in the low

unitin two heptanuclear complexes [t{CN_Mn” (tetren}]ng temperature region. Adapted from Toma ef&6f]. Copyright ©Wiley-VCH.
(J=—10.8 and—7.2 cn1) [71]. Having in mind the electronic
configurations of the interacting metal ion§ & and 8¢5 for  diaquamanganese(ll) entities through two of its four cyanide
octahedral Cf and Mr' centers, respectively], both antiferro- groupsirris positions Fig. 11, left). Two types of chains running
magnetic [54(Cr)—tog(Mn)] and ferromagnetic f(Cr)—g(Mn)] parallel to thegz-axis occur in this compound={g. 11 right).
contributions are involved. In the light of the magnetic couplingAs observed in the previous trinuclear complex, the ©+N
observed, the first are domingafl 7]. fragment for the bridging cyanide [169.6{b)s bent to a greater
The compound{[Cr(bipy)(CNu]2Mn(H20),} is a neutral degree than those of the terminal cyanides [174.9(5)-172]3(5)
4,2-ribbon like bimetallic chain where the [Cr(bipy)(CI) The departure from the strict linearity at the manganese side
unit acts as a bismonodentate bridging ligand towardriwes-  within the cyanide-bridged &C—N—Mn fragment is very large

X, T/ cm® mol' K
(2] »
1 1
X,/ cm® mol”!
e °
8 N

o
°
=

o

Fig. 11. Structure of the compour§Cr(bipy)(CN)s]2Mn(H20),}: a view of a fragment of the chain running parallel to ¢hexis (left) and a projection along the
along thez axis showing the arrangement of the neighbouring chains (right). Adapted (left) from TomgBéflalCopyright ©Wiley-VCH.



2700 R. Lescouézec et al. / Coordination Chemistry Reviews 249 (2005) 2691-2729

1.0

0.8 1
b4
S
£ =
« 4
& e 0.5
° s
~
=
xR
0.3 4
—— T T T 0.0
0 50 100 150 200
T/K H/T

Fig. 12. xmT vs. T plot for {[Cr(bipy)(CN)]o:Mn(H20)}: (O) experimental  Fig. 13. Magnetization v plot for {[Cr(bipy)(CN)]2Mn(H20),} at 2.0K.
data; (—) best-fit curve. The inset shows th@ (®) vs. 7 plot in the low  The inset shows the low field region. The solid line is only an eye-guide.
temperature region. Adapted from Toma e{&6f]. Copyright ©Wiley-VCH. Reprinted from Toma et aJ86f]. Copyright ©Wiley-VCH.

[140.5(4) and 139.6(8)for the Mn—-N—C bond angle]. This romagnetic because of good overlap with the appropriate orbitals
causes a shortening of the intrachain GiMn separation across  of the Mrl' (Fig. 14a and b, left). That involving one of thegt
the bridging cyanide[5.021(1)and 5.029@1)1 the chainversus chomium orbitals (d) and one of the gmanganese orbitals
5.364(1)A in the trinuclear complex]. (d,2_,2) is ferromagnetic being a case of strict orthogonality
The magnetic properties of the bimetallic chafig; 12  between the two interacting magnetic orbitafg( 14c, left).
are as expected for a ferrimagnetic one-dimensional systeffihe effect of the bending of the-®I—Mn unit on the magnetic
[decrease ofu T in the high temperature range with a minimum interaction Fig. 14 right) consists of: (i) no modification of the
of xmT at low temperatures] with weak interchain magneticantiferromagnetic contribution in the case of (a); (ii) a decrease
interactions (maximum of the magnetic susceptibility at 3.5 Kof the antiferromagnetic contribution of the strict linearity in the
under an applied magnetic fielddf=50 G, see inset d¢fig. 12). case of (b); (iii) an increase of the antiferromagnetic contribu-
The maximum of the magnetic susceptibility disappears fotion in the case of (c). The successful simulation of el
H>3000 G and thus the magnetic behaviour of this compoundersus7/|J| plot of the chain down to very low temperatures
corresponds to a metamagnet. This interpretation is supportdry the Quantum Monte Carlo methodology (QMC) provided an
by the magnetization versisplot per CH! oMn!" unit (Fig. 13:  intrachain magnetic coupling of ca.75cnr L.
one can see there how the saturation value of the magnetiza- The structure of the compound[Cr(bipy)(CNu]2Mn
tion (Ms=0.98 BM) is as expected for a low-lying spin dou- (H20)}-H20-CH3CN can be viewed as the condensation of two
blet with g=1.98 [S=2Scrany — Smn) =6/2—5/2=1/2] and  previous parallel 4,2-ribbon like chains shifted @ after loss
the sigmoidal shape of the magnetization curve which is th@f one of the two coordinated water molecules of the manganese
signature of the metamagnetic behavifilk8]. A value for the  atom of each chain, its position being filled by a cyanide nitro-
interchain magneticinteraction of ca. 0.3chis estimated from  gen of a terminal cyanide of the adjacent chdiig( 15 left).
the value of the critical field; = 3000 G (inflexion pointinthe In a simplified manner, it can be described by a corrugated
inset ofFig. 13. The lack of a theoretical model to analyze the ladder-like chain with regular alternating chromium and man-
magnetic data of this 4,2-ribbon like bimetallic chain precludegyanese atoms along the edges [Mn(1) and Cr(1kjidn 15
the determination of the two intrachain magnetic couplings. Irright], each rung being defined by a chromium—manganese pair
an attempt to analyze the intrachain coupling and to evaluatfn(1) and Cr(1) inFig. 15 right]; moreover, each pair of adja-
the exchange coupling parameters, DFT type calculations antknt manganese atoms is connected through another chromium
Quantum Monte Carlo simulations were carried out. DFT cal-atom [Cr(2) inFig. 15 right]. The [Cr(bipy)(CN)]~ building
culations demonstrate a correlation between the value of thielock in this structure adopts two bridging coordination modes,
magnetic coupling and the degree of bending of th&l€Mn bis- [Cr(2)] and tris-monodentate [Cr(1)] through two and three
unit. The antiferromagnetic interaction is reinforced as the bendef its four cyanide ligands, respectively. Given that the synthe-
ing increases. This is well illustrated on a simple orbital picturesis of this compound is carried out in ®&/CHsCN (10:90
which shows the most important contributions to the magnetia:v) mixture (to be compared with the preparation of the pre-
coupling in a dinuclear #t—C—N—Mn'! unit (Fig. 14). Those  vious 4,2-ribbon like chain which was performed in water), the
involving the two pq orbitals (d, and d,) of the ctl areantifer- minimization of water as solvent in the preparative route seems
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Fig. 14. Most relevant contributions to the magnetic coupling{[@r(bipy)(CN)]2Mn(H20)2} showing the influence of the depart of the linearity of the
Cr—C—N—Mn on them. Reprinted from Toma et {§86f]. Copyright ©Wiley-VCH.

to favour the condensation of the chains. The magnetic propappears when lowering the field (insetfof. 16 and magnetic
erties of this double chain in the low temperature range arerdering occurs (confirmed by the presence of a frequency-
strongly dependent onthe applied magneticfieid(16. When  independent maximum of the imaginary component of the ac
H=1T, its magnetic behaviour closely follows that of the pre-signal). This curious behavior was ascribed to the occurrence
vious chain: overall ferrimagnetic behaviour with a maximumof a spin canting within the double chain whose origin could
of the magnetic susceptibility (inset Bfg. 16 at 9.5K (3.5K  be the antisymmetric exchan{fe19-122] High fields (1 T for

in the previous compound) which disappearsdor 1.5 T, indi-  instance) overcome the antisymmetric exchange and mask the
cating metamagnetisnH¢=1.5T). At lower fields, the min- effect of the spin cantinfl21,122] The combined use of DFT
imum of xmT is shifted towards higher temperatures and aand QMC calculations on this compound provided a good match
pronounced maximum ¢fiy T appears at ca. 30 K. In addition, a of the x T versusT plot, the estimated values for the intra-
further increase ofm 7T is observed at very low temperatures for chain magnetic couplings beingb.6 (linear C+-CN—Mn) and
H=50G. The susceptibility maximum observed#&t 1 T dis- —10.4cnt! (non-linear C-FCN—Mn).

i

Fig. 15. Structure of[Cr(bipy)(CN}]2Mn(H20)}-H20-CH3CN: perspective view of a fragment of the two condensed 4,2-ribbon like chains running parallel to the
b axis (left) and a schematic view of the same motif where only the metal atoms and the cyanide bridges are drawn (right). Adapted from [Bifjfa@bpyright
©Wiley-VCH.
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The use of the [Cr(ampy)(Ch)~ and [Cr(phen)(CNj]~
units as ligands towards the fully hydrated manganese(ll)
ions afforded the crossed double chaifi€r(ampy)(CN}]»
Mn(H20),}-6H20 [864] (Fig. 18 left) and{[Cr(phen)(CN)]2
Mn(H20),}-4H,0 [85b,869](Fig. 18 right). Their structures
are made of neutral 4,2-ribbon like bimetallic chains where
the chromium precursor acts as a bismonodentate bridging lig-
and. Both compounds behave as ferrimagneti€'®n" chains
which exhibit a metamagnetic behaviour with values of the
critical field of 1 T and 5000 G, respectively. Below 4K, the
phen-containing chain shows a spin-canted structure with a quite
narrow hysteresis loop, the value of the coercive field being 50 G.

Interestingly, the combined use of [Cr(phen)(GN) and
azide as ligands towards [MngB)e]2* yielded the compound
{[Cr(phen)(CN}]2Mn(N3)(CH3OH)}-CH30H [85b] which is
the first example of a cyano/azide-bridged species. The
[Cr(phen)(CN)]~ unitin this compound is linked to three man-
ganese atoms through three of its four cyanide ligands to form
Fig. 16. xmT vs. T plot for {[Cr(bipy)(CNu]oMn(H20)}-H,O-CHsCN under  a 3,3-ladder like chaifd], the adjacent ladders being further
applied magnetic fields of 1 T4), 250G (O) an_d 50G ©). The inset shows  ~gnnected by twe.-1,1-azido bridges on the closest manganese
tchg thr?rhmta(é\(izlpée?\(jgr:e 20 atT=80K. Reprinted from Toma et dBEfl. 54 e resulting in a layered structure. This shows ferrimagnetic

pyra Y ' behavior and metamagnetism (a maximum of the magnetic sus-

Very recently, in our attempts to extend the use of theceptibility occurs at 21.8 K which disappears fé» 5000 G).
[Cr(bipy)(CN)4]~ unit as a ligand towards partially blocked Recent examples of the rational preparation of discrete
metal complexes, we obtained the heterodinuclear complelxeterobimetallic species through the reaction of [Cr(ampy)
{[Cr(bipy)(CN}][Cu(bpca)(HO)]} (Fig. 17, left) where only  (CN)4]~ and [Cr(phen(CNy]~ with partially blocked metal
one of the four cyanide ligands of the chromium precursor occueomplexes are the heterodinuclear comglgr(ampy)(CN}]
pying an equatorial position around the copper atom acts adin(MeOsalen)(HO)]}-4H,O (Fig. 19 left) [124] and
bridge between the & and Cl/ metal ions (5.049 for the  the bimetallic tetranuclear species{[Cr(phen)(CN)].
intramolecular metal-metal separati¢h}3]. Its magnetic prop-  [NioL(H20),]}-2CHsCN (Fig. 19 right) [125]. The chromium
erties Fig. 17, right) are typical of a ferromagnetically coupled precursor acts as a monodentate ligand in both complexes
cr'—cu' pair with aS=2 low-lying level ¢=+33.3cmt!,  through one of its four cyanide ligands toward the'Mand
H=—JScr-Scy) which is confirmed by the the magnetisation Ni'' ions, respectively. The magnetic coupling between the
versusH plot (inset ofFig. 17, right) with a quasi saturation Cr'!' and Ni' ions in the tetranuclear species is ferromagnetic
value of 4 BM. This ferromagnetic coupling is due to the strict(/=+11.8cnT?!), as expected due to the strict orthogonality
orthogonality between the interacting magnetic orbitals of thébetween the interacting magnetic orbitalg éit the cH versus
Cr'!" (tog) and CUf (eg) ions. ey atthe NI').

I/’ 17 AN

Xy T/ cmd mol' K

T/K
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s’ 8 f,b)/“o n Nm%

Fig. 17. Molecular structure dfiCr(bipy)(CNu][Cu(bpca)(HO)]} (left) and its magnetic properties under the formyefT vs. T plot (right). The inset shows the
magnetization plot at 2.0 K.
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Fig. 18. Perspective views of fragments of the crossed double c{&n@mpy)(CN)}]2Mn(H20),}-6H20 (left) and{[Cr(phen)(CN)]2Mn(H20)2}-4H,0 (right).
Adapted from Toma et a]86g]. Copyright ©The Royal Society of Chemistry and the Centre Nationale de la Recherche Scientifique.

3.2. [F'(L)(CN)4J~ cyanide group, the other three ones remaining terminal. The
intramolgcular Fe-M distances are 5.126(1) (M=Mn) and
The use of the building block [H&bipy)(CN)]~ as 5.018(1)A (M=Zn). The analysis of the magnetic properties
a ligand toward the fully hydrated species [M®)s]%* of the manganese derivative show the occurrence of very weak
(M=Mn, Fe, Co and Zn) yielded a wide variety of antiferromagnetic interactions between the adjacent low-spin
topologies of polynuclear species: the trinuclear neutrairon(ll) and high-spin manganese(ll) ions through the bridging
complexes {[Fe"" (bipy)(CN)s]2M" (H20)4}-4H,0 (M =Mn _cyanlde'(= —0.9cntl) and between the .per_lpheral low-spin
and Zn) [86b], the corrugated ladder-like compounds iron(lll) ions through the-CN-Mn—CN- bridging framework
{[Fe'” (bipy)(CN)4]M”}o2H20 (M=Cu and Zn[86b,126] the (/'=—1.3cnml). This last value is equal to that found in the
4,2-ribbon like chaing[Fe" (bipy)(CN)]oM"" (H20)2}-4H,0 zinc-containing trimer. A net overlap of the magnetic orbitals
(M=Co and Cu)[126,127]and the bis double zigzag chains through ther tag—tog pathway [§,e§ and § €5 electronic con-
{[Fe" (bipy)(CN)]2M" (H,0)}-1/2H,0-CH3CN (M=Co and  figurations for Fe(lll) and Mn(ll), respectively] accounts for the
Mn) [128]. antiferromagnetic interaction between the low-spin iron(l1l) and
In the structure of the centrosymmetric trinuclear specieghe high-spin manganese(ll) ions. It seems surprising.thiat
(Fig. 20, the [Fé" (bipy)(CN}]~ unit acts as a monoden- larger than/ given that the separation between the interacting
tate ligand toward M(H>0)s (M=Mn and Zn) through one Spins is double in the former than in the latter. However, when

Fig. 19. Molecular structures ¢f{Cr(ampy)(CN)][Mn(MeOsalen)(h0)]}-4H,0O (left) and{[Cr(phen)(CN)]2[Ni2L1(H20),]}-2CHsCN (right). Adapted (right)
from Toma et al[125]. Copyright ©The Royal Society of Chemistry.
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Fig. 20. Molecular structure of the trinuclear comp{gke"' (bipy)(CN)j]2M" (H20)4}-4H20 (M = Mn and Zn). The hydrogen bonds involving the water molecules
are drawn as broken lines. Adapted from Lesexac et al[86b]. Copyright ©American Chemical Society.

the number of the unpaired electrongj of the interacting cen- being thus a single chain magnet (SCM). The analysis and
tres is considered (one versus one’irand five versus one in discussion of this interesting behavior will be performed later
J), the situation becomes clearer given that the coupling enefsee Section 4.2). The poor diffraction pattern of the crystals
gies to be compardd29] nrenre/ (—1.3cn 1) versusipenmnJ  Of the related compound with copper(ll) precluded an accu-
(-4.5¢cnTl). rate structural determination but showed unambiguously that
The structure of the isostructural corrugated ladder-likeit is also a 4,2-ribbon like chain, the elongation axis at the six-
compounds{[Fe" (bipy)(CNyIM'"}.2H,0 with M=Cu and  coordinate copper atom being defined by twas-coordinated
Zn (Fig. 21) resembles that of the two condensed chains ofvater molecules. The magnetic behaviour of this compound cor-
the compound[Cr(bipy)(CNu]2Mn(H20)}-H20-CH3CN (see  respondsto that of a ferromagnetically coupled chain of low-spin
Fig. 195, the main difference being that M is five-coordinate iron(lll) and copper(ll) ions with frequency dependence of the
(five cyanide nitrogen atoms form a highly distorted Y8duare  out-of-phase ac susceptibility signalZt 3.0 K.
pyramid) whereas the manganese atom in the chromium com- The isostructural bis double zigzag chaifg=€"" (bipy)
pound is six-coordinate (tweans coordinated water molecules (CN)4]2M'" (H20)}-1/2H,0-CH3CN (M = Co and Mn) Fig. 23
and four cyanide nitrogen atoms form a somewhat distortedan be viewed as derived from the condensation of two paral-
MnN4O- octahedron). lel 4,2-ribbon like chains, one of the axially coordinated water
The structure of the 4,2-ribbon like chaiffFe" (bipy)  molecule to the metal atom M of one chain being replaced
(CN)4]2C0" (H20)2}-4H,0 (Fig. 22 left) is like the preced- by a cyanide nitrogen from the other chain. Each M atom in
ing ones observed in the chromium family but in the presenthese condensed chains is thus six-coordinatg®Nris- and
case, there are two orientations of the chains in the unit cebis-monodenate bridging modes of the![Rbipy)(CNu] ~ pre-
(Fig. 22 right). This compound exhibits intrachain ferromag- cursor occur in these chains. The synthesis is carried out by the
netic coupling, slow magnetic relaxation and hysteresis effecteeaction of the precursor [Fgbipy)(CN)4] ~ precursor with the

Fig. 21. Structure of[Fe" (bipy)(CN}]Zn''}-2H,0: perspective view of a fragment of the two condensed 4,2-ribbon like chains running paralle exibéleft)
and a schematic view of the same motif where only the metal atoms and the cyanide bridges are drawn (right). Adapted frézetesca{B86b]. Copyright
©American Chemical Society.
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Fig. 22. Crystal structure offFe"" (bipy)(CN)]2Cd' (H20),}-4H,0: perspective view of a fragment of the 4,2-ribbon like chain running parallel ta tods
(left) and a projection down the axis showing the two orientations of the chains in the unit cell (right). Adapted (left) from Lézeowet al[127]. Copyright
©Wiley-VCH.

fully solvated M' ionin a CHyCN:H,0 90:10 (v/v) mixture. The monodentate ligand through one of its four cyanide groups
magnetic behaviour of the manganese derivative corresponds émd also acts as a counterion in the last compound. Analysis
two ferrimagnetic F@ Mn'' chains coupled by a weak antiferro- of the magnetic properties of the tetranucear species shows
magnetic interaction. Interestingly, the cobalt derivative exhibitgshe occurrence of significant antiferromagnetic interactions
intrachain ferromagnetic coupling and interchain antiferromagbetween the two high-spin manganese(ll) ions through bridging
netic coupling (this lastinteraction being overcome by an appliedbpym (/= —1.2 cnt!) and between the low-spin iron(lll) and
magnetic fieldd > 600 G), slow magnetic relaxation and hys- the high-spin manganese(ll) ions across the single cyanide
teresis effects constituting thereby a new example of a chaibridge (/ =—3.0cnTl). The value of the antiferromagnetic
magnet (a thorough discussion of the magnetic properties dhteraction through bridging bpym is in the range of those
this compound is done in Section 4.2). previously reported for bpym-bridged manganese(ll) com-
As done with the previous cyanide-bearing chromium(lll) pounds [-J values yarying in the range 0.93-1.2¢th [132].
precursors, the use of the [féipy)(CNu]~ unit as The value of magnetic coupling within the 'feC—N—Mn"
a ligand toward partially blocked metal complexes such aminit (//=—3.0cnt1) in this tetranuclear complex is some-
[Cu" (bpca)], [Mn'"! (MeOsalen) and [Mrl! (opym)(H,0)s]*"  What larger than that reported for the trinuclear compound
has produced the neutral heterodinuclear spedigg!  {[Fe" (bipy)(CN)]oMn' (H20)4}-4H0 (—0.9cnT?) [86b).
(bipy)(CN)][Cu" (bpca)(H0)]} [130] (Fig. 24 left) and{[Fe'" The somewhat larger iron-manganese separation [5.082(4)
(bipy)(CN)][Mn " (MeOsalen)(HO)]} [131] (Fig. 24 right) (tetranuclear) versus 5.126(&)(trinuclear)] and the different
and the tetranuclear compoung-bpym)[Mn(H,0)z{Fe(bipy)  chromophore around the manganese atom [MDd\(tetranu-
(CN)z}]2[Fe(bipy)(CNy]2-12H,0 [86¢] (Fig. 29. The clear) versus MnRkO4 (trinuclear)] [133] favour a larger
Cyanide-bearing precursor in the three Compounds acts asa&ltiferromagnetic interaction in the tetranuclear Compound.

Fig. 23. Crystal structure dffFe" (bipy)(CN)]2M" (H20)}-1/2H,0-CH3CN: the two condensed 4,2-ribbon like chains running parallel t theis, the solvent
molecules being omitted (left) and a schematic view of the same motif where only the metal atoms and the cyanide bridges are drawn (right). Adaptecefrom
al. [128]. Copyright ©The Royal Society of Chemistry.
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Fig. 24. Molecular structures dfFe"' (bipy)(CN)][Cu" (bpca)(H0)1} (left) and{[Fe" (bipy)(CN)][Mn "' (MeOsalen)(HO)]} (right).

Other parameters to be taken into account when analyzing thtis compound above 1.9 K according to ac and zero field cooled
magnetic coupling in cyano-bridged species are the departuraagnetization measurements. Thg-tog pathways ensure the
from the linearity of the FeC-N—Mn entity and the tilting  antiferromagnetic coupling between the high-spin'Mt3,e?)

at the cyanide bridge, as shown by theoretical calculationand the low-spin F& (tggeg) of this F&' Mn'" double zigzag

on homodinuclear cyano-bridged copper(ll) and nickel(ll) chain. The magnetic properties of theikzn!' chain correspond
complexeq134]. to the sum of two magnetically isolated spin triplets, the mag-
The use of the building block [F&(phen)(CN)]~ as a lig-  netic coupling between the low-spiniron(lll) centers through the
and towards the fully hydrated species [M®)s]?* (M=Mn,  _CN-Zn—CN- bridging skeleton (iron-iron separation larger
Co and Zn) yielded the 4,2-ribbon like bimetallic chainsthan 10.28) being negligible. The magnetic properties of the
of formula {[F€' (phen)(CN)]oM" (H20)2}-4H,0 (M=Mn,  FdllCd' chain correspond to those of a single chain magnet and
Co and Zn)[86a,127]where the [Fe(phen)(Ch)~ unit acts  will be discussed in detail below (see Section 4.2).
as a bismonodentate bridging ligand and the M atom is As done with the previous cyanide-bearing iron(lll)
six-coordinate with four nitrogen-cyanide atoms in equato-and chromium(lll) precursors, the [lﬂ(éphen)(CN)]—
rial positions and two water molecules in the axial onesunit is also able to form heterometallic species when
(Fig. 26). This structural motif has been previously observedreacting with partially blocked metal complexes.
when [Fé' (bipy)(CN)]~ and [Cr(L)(CN)]~ (L=bidentate So, its reaction with the [ML1(H,0)]?* dinuclear
nitrogen donor) are used as ligands (see above). Thaickel(ll) complex and the [Cu(bpcd)]mononuclear cop-
compound {[Fe'" (phen)(CN)]oMn!' (H20),}-4H,0 exhibits  per(ll) species yielded the neutral tetranuclear complex
one-dimensional ferrimagnetic behaviour due to the non{[Fe(phen)(CN)]2[Ni>L1(H20),]}-2CHsCN [125] (Fig. 27)
compensation of the local interacting spins{=5/2 and and the chain {[Fe(phen)(CN)][Cu(bpca)}}-CH3OH-H,O
Sre=1/2) which interact antiferromagnetically through the[135] (Fig. 28. Curiously, the hexanuclear compound of for-
bridging cyano groups. No magnetic ordering is observed fomula {[F€" (phen)(CN)]4Nd"' (NO3)(H20)3}-2H,0 (Fig. 29

Fig. 25. Perspective view of the structure of the tetranuclear fragmempym)[Mn(H0)3{Fe(bipy)(CN)}1,%*. Adapted from Toma et al86c]. Copyright ©The
Royal Society of Chemistry.
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Fig. 26. Perspective view of a fragment of the 4,2-ribbon like chain forf{ée" (phen)(CN)]2M" (H20)2}-4H,0 (M = Mn, Co and Zn). Adapted from Lescézec
et al.[86a] Copyright ©American Chemical Society.

was obtained when the [Féphen)(CN)]~ unit reacts with
neodymium(lll) nitrate in aqueous aqueous solufibd6]. The

Our first attempts to use the [H¢bpym)(CN)]~ com-
plex as a ligand toward divalent first-row transition metal ions

coordination of the nitrate as a bidentate ligand to the trivalenyielded the isostructural 4,2-ribbon like bimetallic chains of for-

lanthanide ion leads to the divalent cation [Nd@3* which

mula{[Fe" (opym)(CN)]2M" (H,0),}-6H,0 (M = Coand Cu)

plays the role of a divalent metal ion, the electroneutrality motifwhere water hexamer clusters (M =Cd)id. 30 and regular
being ensured under the hexameric topology of thié Md’z“
entity.

Fig.

27. Molecular . ) .
[NiL(H20)2]}-2CHsCN. The acetonitrile molecules are omitted. Adapted the mononuclear precursor seem to be specially suited to design

structure  of

the

compound [Fe(phen)(CN)]2

from Toma et al[125]. Copyright ©The Royal Society of Chemistry.

alternating fused six- and four-membered water rings (M = Cu)
(Fig. 31 with two dangling waters are trapped between the fer-
romagnetically coupled cyanide-bridged low-spiti'Fend M'
ions[137].

The cobalt derivative shows magnetic relaxation and hystere-
sis effects being another example of a single chain magnet (see
Section 4.2) whereas the copper-containing chain exhibits meta-
magnetic behaviour with a value of the critical field of 400 G.
The different cyclic motifs which interlink the two chains seem
to be at the origin of this different magnetic behaviour: meta-
magnetism in the copper derivative and negligible interchain
magnetic interactions in the cobalt one. The strict orthogonality
between the magnetic orbital of the low-spin iron(lll) ion and
that of the copper(ll) ion g and g type orbitals, respectively)
accounts for the ferromagnetic coupling in the copper deriva-
tive whereas ferro- and antiferromagnetic contributions coexist
in the case of the cobalt one [electronic configuraticﬁaegt

(Fe(lI) and (B4e5) (Co(IN))], but the ferromagnetic ones are
predominant.

3.3, [F(L)(CN)s]~

The use of the mononuclear complex fHgpca)(CN}]~
as a ligand toward the fully hydrated manganese(ll)
ion yielded the ladder-like bimetallic chaig[F€"' (bpca)
(CN)sMn'' (H20)3][Fe(bpca)(CN}] }-3H0  (Fig. 32  left)
where the bpca-containing precursor plays two structural roles:
it acts as a trismonodenate bridging ligand and also as a counte-
rion [86e]. Themer-arrangement of the three cyanide groups of

ladder-like arrangements of metal ions. The environment of the
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Fig. 28. Perspective view of a fragment of the chifife(phen)(CNj][Cu(bpca)]}}-CHzOH-H,0. The solvent molecules are omitted.

manganese atom is six-coordinate with three water molecules DFT type calculations on the [Fe(bpca)(GN) precursor

in amer arrangement and three cyanide-nitrogen atoms fronghow thatits magnetic orbital is defined by,atype orbital lying
three [F&'(bpca)(CN}]~ units building a distorted octahe- inthe plane formed by the three cyanide ligands fthady axes
dral MnN3O3 environment. The magnetic properties of this being roughly defined by the iron to imide—nitrogen bond and
compound correspond to a ferrimagnetic chadiig(32 right)  the vector comprising the iron and the twans cyanide ligands,
with significant intrachain antiferromagnetic coupling betweenrespectively]. As shown iRig. 33 alarge spin density is located
the low-spin iron(lll) centres and the high-spin manganese(llbn the metal ion (+1.033) which is accompanied by a small
cations. The antiferromagnetic interaction is supported by theelocalization on @ magnetic orbital centered on the nitrogen
fact that the value ofw 7 in the minimum (4.0crimol~1K)  atom of the cyanide groups (+0.036). So, although ferro- and
is well below that expected for two low-spin Fe(lll) and one anitiferromagnetic contributions are involved in the magnetic
magnetically isolated high-spin Mn(ll) ion. This is also con- coupling between a high-spin Mn(Il) (electronic configuration
firmed by the saturation value of the magnetisation (5.0 BM)tggeg) and a low-spin Fe(lll) ggeg) the magnetic properties of
(inset of Fig. 32 right) which is as expected for a spiiv 2 {[Fe" (bpca)(CN3Mn'' (Ho0)s][Fe(bpca)(CN3] }-3H20 show
arising from an antiferromagnetically coupled Mn{iBe(lll) — that the antiferromagnetic onesgt(at the Mn) versusy (at
pair [Swin — Sre=5/2—1/2=2] plus anisolated low-spin Fe(lll) - the jron)] are dominant. The lack of a theoretical model to ana-
(SFe=1/2). lyze the magnetic properties of this bimetallic ladder-like chain

Fig. 29. Molecular structure of the hexameric compléxe'" (phen)(CN)14[Nd" (NO3)(H20)3]2}-2H,0. The crystallization water molecules are omitted.
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Fig. 30. Perspective view of the stacking of two fragments of adjacent chaifis@ (bpym)(CN)]>Co" (H20)2}-6H,0 showing the interchain linking through
hydrogen bonds.

precludes the determination of the antiferromagnetic couplingompound with ferromagnetic interaction between iron(lIl)

involved. ions exhibiting different spin states. Also, this compound opens
The structure of the heterobimetallic compound'[fiepca)  new vistas in the design of high-spin heterometallic assemblies.
(CN)sMn"" (MeOsalen)H0)]-CH3CN-H,0 [138] (Fig. 39 The structure and magnetic properties of the trinuclear

is an illustrative example of the potential of the fH@pca)  species{[F€" {HB(pz)s}(CN)3],Mn(MeOH),}-2MeOH, the
(CN)3]~ building block in the design of cyanide-bridged metal tetranuclear square compour@Fe!' {HB(pz)s}(CN)z]2[Mn
assemblies where the nuclearity is strongly dependent on th®ipy)2]2}(ClO4)2-4CHsCN, the 4,2-ribbon like bimetallic
denticity and charge of the blocking ligand on the outer metathain  {[F€' {HB(pz)s}(CN)3]2Cu(MeOH)-2MeOH  and
ion (a tetradentate dianion in the present case). the face-centered cubic clustef[Fe!' {HB(pz)s}(CN)s]s

The reaction between thefac-{Fe[HB(pz}](CN)s}~ [Cu(H20)16}(ClO4)4-12H,0-2E1,O have been published very
unit and iron(lll) chloride in aqueous solution vyielded recently[77,85c,87] In the trinuclear species, two peripheral
the tetranuclear complexfac-{[F€"" {HB(pz)s}(CN)2(p- [Fe[HB(pz)](CN)3s]~ units are coordinated to a central
CN)JsF€" (H20)3}-6H,0 [86d] (Fig. 35 left) where three manganese(ll) ion as monodentate ligandsrims geometry,
low-spin iron(l1l) [Fe[HB(pzx](CN)3]~ units are bound to a resulting in a linear trinuclear structure. In the tetranuclear
central high-spin iron(lll) through single cyanide bridges. Thespecies, the [Fe[HB(pz)(CN)s] ~ unit acts as a bismonodenate
central iron atom is six-coordinate with three water moleculesridging ligand through two of its three cyanide groups toward
in fac positions and three cyanide—nitrogen atoms building @wo [Mn(bipy)]?* entities to form a cyclic tetranuclear structure.
distorted octahedral motif. The facial stereochemistry in bothrhis bridging mode of the [Fe[HB(pz)(CN)s]~ entity also
the peripheral and central units in the resulting tetranucleaoccurs in the chain compound whose basic structural unit is a
species suggests stereochemical control exerted byfathe Cu'>(CN)sFe'', square with each copper atom shared by two
precursor. The magnetic properties of this compouFig. (35 squares. The copper environment is distorted square pyramidal
right) reveal the occurrence of ferromagnetic coupling betweemith four cyanide-nitrogen atoms occupying the equatorial
the central high-spin iron(lll) ion and the three peripheralpositions and a methanol molecule in the axial one. Finally,
low-spin iron(lll) ions leading to a nonet low-lying spin state the [Fe[HB(pz}](CN)s]~ entity in the cluster compound acts
as demonstrated by the magnetization plot at 1.9K (inseas a bridging trismonodentate ligand through its three cyanide
of Fig. 35 right). This is an original example of molecular groups toward three copper atoms, the eight iron-capped
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Fig. 31. Perspective view of the stacking of two fragments of adjacent chaifis@ (bpym)(CN)]>Cu' (H20)2}-6H,0 showing the interchain linking through
hydrogen bonds.

units being arranged in a cube and the copper atoms locatéddrromagnetic (chain and cluster) behavior was observed, the
above the center of each cube face. The copper environmenttiwo last compounds being a SCM (chain) (see below, Section
distorted square pyramidal with four cyanide-nitrogen atomt.2)[85c] and a SMM (cluster)77].

in the equatorial positions and a water molecule in the apical The reaction of the [Fe[HB(pz)CN)3]~ unit with the
one. Overall antiferromagnetic (trinuclear and tetranuclear) angartially blocked species [M(bpym)d®)4]%* afforded a family

40

X, T/emd mol' K

0 50 100 150 200
T/IK

Fig. 32. Pespective view of a fragment of the ladder-like cationic chailf (Bgca)(CNyMn'' (H20)3]* (left) from compound{[Fe" (bpca)(CN3Mn' (H20)s]
[Fe(bpca)(CNy] }-3H,0. Temperature dependence of gl product for{[Fe" (bpca)(CN3Mn'" (H,O)s][Fe(bpca)(CN}]}-3H,O [H=0.1T (’'>50K) and 50 G
(T<50K)] (right). The inset shows thef against plotat 1.9 K [(A, O) experimental data; (—) eye guide lines]. Adapted (left) and reprinted (right) from Léseou
et al.[86e]. Copyright ©American Chemical Society.
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Fig. 34. Molecular structure of the heterobimetallic species'[fbpca)
(CN)sMn"" (MeOsalen)HO)]-CH3CN-H,0. The solvent molecules are omit-
ted.

of isostructural and centrosymmetric hexanuclear complexes
of formula {[Fe" {HB(pz)s}(CN)s]a[M ' (bpym)(HO)]2}
(M=Fe, Mn, Co and Zn)Kig. 36 where the cyano-bearing
mononuclear precursor acts as a monodentate [Fe(3)] and
bismonodentate [Fe(1)] ligand toward the [M(bpym)@®j]%*
Fig. 33. Spin density map for the mononuclear precursor [Fe(bpcaj{cN) €ntity [139]. The M atom is six-coordinate with two bpym-
The values of the atomic spin density in electron units are: +1.033{@e)15  nitrogen atoms, three cyanide-nitrogen atoms and a water
(Nbpca.;l)yridyb, —0.002 (f’\bp:ﬁ-imidt&v—o-?:3 (tthanc_J and +3-0_?;6 (Nyan_&._gver-f . molecule building a distorted octahedral structure. Preliminar
Vi r ven 1or m r n iron and nitr n-imi H H
;%Zriztzzs}r?)ri Eesccﬂcz’ec gta;Ic[)SGSe]c.)CﬁpyriZh??O\maerican g%zmical g(?ci- pc"i‘/arlable-temperature magnetic su_sceptlbl_l ity measurem?nt.s on
ety. these compounds show several interesting features: (i) first,
Mn(l1), Fe(ll) and Co(ll) are high-spin ions; (ii) second, the
magnetic behaviour of the zinc derivative practically correspond
to that of four magnetically isolated low-spin iron(lll) ions;

9.5

XyT/ cm3 moll K

0 50 100 150 200 250
T/K

Fig. 35. Molecular structure of the tetranuclear compofuae{[F€'" {HB(pz)}(CN)2(n-CN)]sFe" (H20)3}-6H20 (left) and temperature dependence ofyitsl’
product (right). The inset shows tivs. H plot at 1.9K [(A, O) experimental data; (—) eye-guide lines]. Adapted (left) and reprinted (right) from Lézeowet
al. [86d]. Copyright ©American Chemical Society.
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(iii) third, overall antiferromagnetic coupling is observed for R R
the manganese derivative, whereas ferromagnetic interactions
occur in the iron- and cobalt-containing compounds.

Bimetallic zigzag chains of formula{[F€e"' {HB(pz)s}
(CN)sJ[Co" (dmphen)(N@)]} (Fig. 37 and {[Fe" {HB(pz)s}
(CN)3][Cug (apox)(NQ)]} - 3H20 (Fig. 38 are obtained when
using the mononuclear precurs§¢Fe[HB(pz3](CN)3}~ as
a ligand toward the preformed species [Co(dmpHeényind
[Cux(apox)P*, respectively[140]. {Fe[HB(pz}](CN)3} ~ acts
a bismonodentate bridging ligand in both compounds and in
the latter one it acts also as a terminal monodentate lig-
and. The bisterdentate bridging mode of the apox ligand in N N
the iron-copper chain was previously observed in other struc- | |
turally characterized oxamidato-containing complek&$l].

The cobalt(ll) ion has a highly distorted octahedral structure \ /

because of the coordination of a nitrate group as a bidentate

ligand. The copper(ll) ion exhibits square planar and square Scheme 5.

pyramidal stereochemistries, with the amine and amidate nitro-

gen atoms and the carbonyl-oxygen of the apox ligand and one The replacement of the two bidentate ligands in the
cyanide—nitrogen atom occupying the equatorial positions antbw-spin dicyano-iron(lll) precursor by a tetradentate ligand

R =H (H,dqm)
R = CH,Ph (H,bqdm)

another cyanide—nitrogen atom filling the axial position. makes possible the isolation of thés- and rrans- dicyano
derivatives, as shown very recently by the structural deter-
3.4. [M"(L),(CN);]?* =1~ (M = Fe and Ru) mination of two low-spin iron(lll) dicyano—dicarboxamido

complexes which have been prepared fraMN'-bis(8-

The preparation and structural characterization of the stablguinolyl)malonamide derivatives (se&cheme b [142]. The
low-spin cis-dicyanobis(2,2bipyridyl)iron(lll) species as a crystal structures of the complexes NEe(bgm)(CN}] and
perchlorate salf104,107]made possible its use as a ligand to NE[Fe(bgbm)(CN}]-CH3CN show that the four nitrogen
design cyanide-bridged heterometallic assemblies. The reacti@oms from the tetradentate ligand are arranged in the equa-
of this precursor with the preformed complex [Cu(bigy)] torial plane of the iron with the two cyanidesis to each other
in methanol vyielded the cyclic tetranuclear complexinthe axial positionswhenthe malonylfragmentis disubstituted
{[F€" (bipy)2(CN)z]2[Cu" (bipy)]2} (PFs)s-4CHsCN-2CHCk (bgbm). However, the unsubstituted malonyl results in only three
[82a] where iron(lll) and copper(ll) ions alternate in the nitrogen atoms from the tetradentate ligand binding in the equa-
vertexes of a square with single cyanide bridges defining théorial plane with the fourth in the apical position and the two
edges. The copper environment is square planar with foucyanides occupying theis sites, one equatorial and the other
nitrogen atoms (from the bidentate bipy and two cyanideaxial. Here, the substituents on the multidentate ligand allow
groups). The magnetic coupling between the adjacent spithe stereochemical control of the cyanide ligands. The use of
doublets [low-spin iron(lll) and copper(ll)] is ferromagnetic these precursors as ligands to prepare heterometallic assemblies
(J=+12.6 cnmr1) leading to a low-lying quintet spin staf07]. appears very promising but much work remains to be done.
The strict orthogonality between the interacting magnetic The trivalent ruthenium ion represents an extension to 4d
orbitals (bg at the iron versus gat the copper) accounts metalions of the impressive number of magneto-structural stud-
for this ferromagnetic interaction. More interestingly, whenies which have been carried out with the paramagnetic hex-
the bipy ligands in the previous example are replaced bycyanometallate species §MCN)s]3~, M being a 3d metal
the bidentate dmbpy group (at the iron) and imino nitroxylion such as Cr, Mn or Fe. Enhanced magnetic interactions are
radical impy (at the copper), the square complex of formulaexpected for heavier transition metal ions due to the greater
{[F" (dmbpyp(CN)]o[Cu" (impy)]2} (ClO4)s-4CH3OH-4H,O  diffuseness of the 4d and 5d orbitals when compared to the
was obtained[B2c] where the strong ferromagnetic coupling 3d ones. This is at the origin of the recent attempts to prepare
between the spin doublets of the copper(ll) ion and the radicatyanide-bearing ruthenium(lll) complexes to be used as ligands
[ds (at the copper) versus,p(at the radical)] allows consid- [85a,102a] Although the existence of [Ru(CBIf~ has been
eration of the copper(ll)—radical pair as a triplet spin state aknown more than fifty years, its molecular structure as a salt
room temperature. So, alternating spin doublets and tripletsf formula (AsPh)3[Ru(CN)]-2H,O was determined only in
occur in the square core of this compound and given that th2003[102a] The great instability of the low-spin [Ru(CN~
ferromagnetic coupling through the single cyanide bridge ispecies §gy=1/2), in particular in solvents such as water and
ensured (case of strict orthogonality as commented above), acohols[143], (a feature which contrasts with the robustness
heptuplet ground spin state is achieved in this compound. Thiand availability of the corresponding low-spin [Fe(GN)
is a nice example of how the spin of the ground spin state of @omplex), accounts for the poor knowledge of its chemistry.
given topology (F%l ch square planar) can be increased byOxidation of aqueous solutions of [Ru(Gdlfj~ by Ce(lV) in
playing on the nature of the outer ligands. the presence of AsRh affords the (AsPk)3[Ru(CN)]-2H.O
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Fig. 36. Molecular structure dffFe" {HB(pz)s} (CN)s]4[Fe (bpym)(H0)]2}.

Fig. 38. Perspective view of a fragment of the chgffe"! {HB(pz)3}(CN)s][Cul (apox)(NQ)]} - 3H,0.
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salt as yellow needlgd02a] The solid is quite stable at room cyano-bridged Rfl-Mn" bimetallic compound of formula
temperature but it is photosensitive and its aqueous solutionfMn[Ru(acac)(CN);]2} [85a] Each manganese atom has a
decompose over a period of hours, the rate depending on thietrahedral environment which is built by four nitrogen-cyanide
concentration and pH. These features make its use as a buildimgoms from four [Ru(acaglCN),]~ units leading to a three-
block to prepare cyanide-bridged metal assemblies much moimensional network with a diamond-like structure. Its IR spec-
difficult than the above mentioned cyanide-containing precurtrum shows a cyanide stretching peak at 2125trfto be
sors. DFT calculations on the [Ru(C8§~ species have shown compared with the corresponding stretching band at 2099 cm
that it has a significantly higher spin density on the cyanideof the terminal cyanide in the IR spectrum of the mononu-
ligands than its iron congener [for instance, the spin densielear precursor). Interestingly, it exhibits overall ferromagnetic
ties on the terminal nitrogen atoms are approximately twice abehavior and magnetic ordering below 4K € 3.6 K, this value
large in the ruthenium as in the hexacyanoferrate(lll) complexbeing determined by ac magnetic susceptibility measurements).
[102a] Very recently, the values of the spin densities on theA characteristic hysteresis loop is observed at 1.85 K with very
cyanide ligands of [Fe(CN)3~ and [Mn(CN)]3~ were deter- small values of the remnant magnetization and coercive field.
mined by solid-statd3C and1°N NMR spectra[144], these The magnetic interaction between the'Rwand Mrd' ions,
types of studies being very important for the analysis and interthrough the oxalato bridge in the two-dimensional compound
pretation of the exchange pathways in cyanide-bridged metaiButs[Mn" RU" (ox)s], was also ferromagnetic but no magnetic
complexes. ordering was detected down to 2.(95].

The instability of the [Ru(CN)J3~ precursor directed the In our efforts to extend the coordination chemistry of the
efforts of interested researchers toward alternative stable cyariRu(acac)(CN)] ~ unit to other metal ions, we explore its coor-
complexes of ruthenium(lll). So, the mononuclear complexdinating ability toward the cobalt(ll) ion and the preformed com-
of formula rrans-PPh[Ru(acac)(CN),] [85a] was prepared plexes [NpL1(H20)4]2*, [Co(dmphen¥* and [Ni(dmphen)*.
by reaction oftrans-PPh[Ru(acac)Cl,] [145] with KCN in Four new compounds of formuldCo[Ru(acac)(CN).]2},
methanol. The ruthenium atom is six coordinate: four oxy-{[Ru(acac)(CN),][Ni,L(H20),]}[Ru(acac)(CN)y]2-2H,0
gen atoms from two bidentate acac ligands and two carboand {[Ru(acac)(CN)z][M(dmphen)(NG]}-H,O (M=Co
atoms from two cyanide ligands imans configuration build and Ni) were isolated and structurally characteri&d6].

a somewhat distorted octahedral structure around the metd@he structure of the first complex is three-dimensional and
atom. Electrochemical data in acetonitrile as solvent reveal thatonsists of two interpenetrated (6,4) nets with twelve-gon
[Ru(acac)(CN)]~ is very stable with respect to both oxidation cycles showing regular alternating Co(NGgyano) tetrahedra
and reduction. In addition, electrospray mass spectrometry oand Ru(acag)CN),] octahedraltig. 39.

methanolic solutions of this species indicates that it remains sta- In the first compound, the ruthenium precursor acts as a
ble inthis medium. Atroom temperature, the value ofigfor bismodentate bridging ligand toward two cobalt atoms and
this mononuclear compound is 1.91 BM, as expected for a loweach cobalt atom is tetrahedrally coordinated by four cyanide-
spin configuration Qg) with §=1/2. Consequently, this species nitrogen atoms from four ruthenium units. The structure of the
fills the requirements to be used as a building block to desigsecond compound consists of cationic chains of regular alter-
magnetic cyanide-bridged metal assemblies. nating [Ru(acae) and [NiL1(H»0),] units linked by single

In fact, the use of [Ru(acag)CN),]~ as a ligand toward the cyanide bridgesKig. 40, the electroneutrality being achieved
manganese(ll) ion in methanol yielded the three-dimensionaby uncoordinated [Ru(acaglCN)>] ~ anions.

. -as

Fig. 39. Projection down thk axis showing two interpenetrated networks{@o[Ru(acac)(CN).]} (left); a schematic view along the [10 1] direction showing
the interpenetration of two (6,4) nets (right).



R. Lescouézec et al. / Coordination Chemistry Reviews 249 (2005) 2691-2729 2715

Fig. 40. Perspective view of a fragment of the cationic cHfiRu(acac)(CN),][NiL1(H20)]}".

Fig. 41. Perspective view of a fragment of the bimetallic cHgRu(acac)(CN)2][Co(dmphen)(NQ@] }-H20.

A bimetallic chain is also observed in the third compoundtogether with negligible intermolecular interactions are the con-
with regular alternating [Ru(acad)and [Co(dmphen(Ng)] ditions to be fullfillled to avoid three-dimensional ordering and
units linked by single cyanide bridgesians positions Fig.41).  to observe the properties of a nano-scale object. These proper-
The same motif is observed in the last compound. These struties are strongly dependent on the nuclearity and topology of
tures demonstrate that the use of the [Ru(ag@d))]— unitas  the cluster as well as on the interacting metal centres and the
a ligand is an open field of research that will provide a plethoréridging and blocking ligandfl03,148] The number of sys-

of new extended magnetic systems in a very near future. tems responding to these criteria is growing continuously and an
exhaustive review is out of the scope of the present contribution

4. Single chain magnet (SCM) behavior Interested readers are referred to the excellent reviews by Gat-
teschi and Sessdlr8] and Winpenny147]. Recent new exam-

4.1. A new type of magnet ples which demonstrate that the SMM field is rapidly expanding

are a Mn, complex with carboxylate-sulfonate ligati¢h49],
Nowadays, single molecule magnets (SMMs) and singleéd Mmp1 cluster with an unusual and low symmetry structure

chain magnets (SCMs) (also referred to as magnetic nanowiref)50], a Mo wheel-like cluster[151], a citrate-containing
are two hot topics in molecular magnetism. The choice ofNiz1 species[152], a polycationic Mniy cluster bearing six-
the building block is very important in both topics where teen quaternary ammonium substituents in the perigiég}, a
the so-called bottom-up synthetic approach is used. SMM&igh-spinoctanuclear nickel(ll) complgéb4]and the 3d/4f het-
are molecules that exhibit slow magnetic relaxation below arometallic systems Giib, [155], DygMng [156]and LyMn11
blocking temperaturelg) [78,147] A ground state with both (M =Nd, Gd, Dy, Ho and Eu)157]. Surprisingly, the simple out-
high spin §) and large negative axial magnetic anisotropy (  of-plane dimer of MH' of formula [Mny(saltmen)(ReQy)2]
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(S=4 ground spin sate) behaves as a SMM, being to date thi¢ is clear that the anisotropy of the high-spin cobalt/radical
smallest magnetic unit to show this behavigli8]. Bridging  exchange interaction produces a barrier for the orientation of the
oxygen atoms link the metal ions of the cluster in the knownmagnetization.
SMMs providing in general homometallic compounds. How-  The first heterometallic SCMs were also reported in 2002 by
ever, very recently, the cyanide ligand has proven to be a suitabR. Clérac et al. and they involve a large family of general for-
bridging ligand to design SMMs with the added value of itsmula [Mng'(saItmen)Ni”(pao)ZLz]Az where L a is a nitrogen
asymmetric character. This last feature makes easier the prepdenor heterocyclic ligand and A is a univalent anjt68,169]
ration of heterometallic SMMEr4-77] The synthetic strategy consists of reacting the out-of-plane
We focus on SCM behaviour which is at the heart of the]Mn'" 5(saltmen)(H>0)]A> dimer with the [NI'(paoyL,]
present contribution. Magnetic chain compounds have been treonomer in a methanol/water medium. Bimetallic chains with
subject of thorough investigation in the recentyears in the area segular alternating single oximato bridges betweef Kid
molecular magnetism aimed at preparing molecule-based maiin'!' and double phenolate-oxo bridges between pairs df Mn
nets because of their possibility to achieve long-range magnetions occur. The terminal L ligand and the A anion have been used
order through interchain interactiof85,90,159] The key point  to modulate the interchain separation and thus to minimize the
was to control the stacking of the ferrimagnetic chains in suclinterchain interactions. The whole family of compounds exhibits
a way as to induce interchain ferromagnetic interactions at tha quasi-identical magnetic behavior: antiferromagnetically cou-
lattice level and so, magnetic ordering in the bulk. pled MA"—Ni"'-Mn""" trimers (across oximate bridges) con-
A new strategy to create magnets with one-dimensional magiected through MH—Mn'" ferromagnetic interaction (across
netic compounds arose from Glauber’s theoretical work as earlghe phenolate bridge) leading to a ferromagnetic chain with
as 1964[160]. He suggested that the conditions to be full- S =23 units. Coercivity and slow relaxation of the magnetization
filled to observe slow magnetic relaxation in a one-dimensionabelow 3.5K are observed with values for the pre-exponential
compound were: (i) it must behave as an Ising ferro- or ferrifactor (rg) and energy barriert,) of ca. 1.0x 10 1%s and
magnetic chain and (i) the ratiiJ’ has to be larger than 0  48.7 cnt1, respectively.
(/ andJ’ being the intrachain and interchain magnetic interac- In 2003, Gao et al. reported the first example of a homo-
tions, respectively). This prediction has opened exciting nevepin SCM which corresponds to the helical chain compound
perspectives to store information in low-dimensional materialsof formula [Co(bt)(N;)2] where high-spin cobalt(ll) ions are
However, more than three decades were needed to observe thisdged by double end-on azido groups, bt acting as a biden-
behavior for the first time because strong intrachain and veryate ligand[170]. Intrachain ferromagnetic coupind {alues
weak interchain magnetic interactions are required in additiomf 12.4(1) and 10 cm* were estimated through a Fisher chain
to the Ising anisotropy. model §=23/2) and mean-field expresion for the Curie—\Weiss
The first example of this type of system was reported intemperature, respectively] was observed, as expected for this
2001 and concerned the compound [Co(hf&@d)TPhOMe]  type of bridging mode of the azide ligafiti71]. Slow magnetic
where alternating high-spin [Co(hfagunits and bismonoden- relaxation and hysteresis effects occur in this chain compound.
tate NITPhOMe radicals build a helical chain with a trigonal axisThe blocking temperature is below ca. 5K with a strong fre-
[161-164] This chain behaves as a one-dimensional ferrimagguency dependence of the real and imaginary parts of linear ac
net [antiferromagnetic coupling between the high-spin cobalt(lsusceptibility. The Arrhenius law is also obeyed with values of
and the radical] because of the non-compensation of the intetg andE, of ca. 3.4x 10-12s and 65.5 cm!. Again the mag-
acting magnetic moments. The alternating current (ac) magnetigetic anisotropy of the high-spin cobalt(ll) ion is a key point for
susceptibility of this compound is strongly frequency-dependenthis behavior.
below 17 K with maxima of the in-phasgy(;) and out-of-phase In 2004, some of us observed SCM behaviour in the
(XKA) susceptibility components. Thg, versus thex;\’/l plot ~ oxamato-bridged heterobimetallic chain compound of formula
(Cole—Cole plot) almost describe a semicirfl65,166]sup-  [C0" Cu' (2,4,6-tmpa)(H20)2]-4H20 [93e] (Fig. 42 which
porting only one relaxation process and discarding spin glass obtained by reaction of the oxamatocopper(ll) precursor
behaviour for this compound. The relaxation timg follows  [Cu(2,4,6-tmpa)}~ with cobalt(ll) ions in agueous solution
the Arrhenius law §=1gexp Ea/ksT)] which is characteris- by slow difusion in an H-shaped tube. Its structure is made
tic of a thermally activated mechanism with an energy barrietp of neutral ribbon-like oxamato-bridged ¥ou' chains
(EJ) to reverse the magnetization direction, of 107¢émand  Where the bis(oxamato)copper(ll) entity acts as a bisbidentate
a pre-exponential factor of 3010 11s. The height of the ligand through thecis-carbonyl oxygen atoms towangans-
energy barrier is very close to the absolute value of the nearestiaquacobalt(ll) unitsKig. 42 left). The phenyl ring which is
neighbor coupling constant estimated from the analysis of quasi perpendicular to the oxamate skeleton provides an effec-
the magnetic susceptibilty using the Ising model. The isothertive isolation between adjacent chains in titeplane Fig. 42
mal magnetization has a hysteretic behaviour when the externéipght). The magnetic properties of this chain are characteristic
magnetic field is applied parallel to the trigonal axis but noof a one-dimensional ferrimagnetic compound. The lack of a dc
hysteresis was observed when the magnetic field is applied igusceptibility maximum in thev versusT plot together with
the trigonal plane. The related manganese(ll) derivative order§e absence of a-peak in the heat capacity measurements of
ferrimagnetically at 4.6 167], this different behavior being polycrystalline samples of this compound discard the occurrence
due to the negiglible anisotropy of the manganese(ll) center$f a 3D long-range magnetic order, showing that the chains are
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Fig. 42. Perspective views of a fragment of the bimetallic chainl'[ad (2,4,6-tmpa)(H20)2]-4H20 (left) and of the crystal packing along theaxis (right).
Adapted from Pardo et g93e]. Copyright ©Wiley-VCH.

well isolated from each other. The magnetization veidydot  Cole—Cole plot at 2.0K in the frequency range 1.0-1400 Hz
at 2.0K per CoCu pair exhibits fast saturation with about 80%gives an almost perfect semicircle supporting only one relaxation
of the maximum magnetization value reached within a field ofprocess and ruling out spin glass behavkig( 43 right). The
2000 G. This supports the antiparallel alignment of the spinselaxation time follows the Arrhenius law (insetfei. 43 left)
of the CU' and Cd ions in the chain. The antiferromagnetic with values ofrg andE, of 4.0x 10~%s and 16.3 cm?, respec-
coupling between Cband Cl across the oxamato bridge is tively. These values are obtained by treating the experimental
J=-26.6cnT!, a value which is significantly stronger than data in a very narrow temperature range and consequently, they
that found in the related chain [CoCu(pbaOH)(®s]-2H,O  have to be regarded with caution.
(J=—-18.0cnT?) [172]. This difference in the magnetic cou- Finally, the first examples of SCMs comprising Mn
pling is due to the fact that the copper atom lies in the oxamatalusters were reported in 2004. They correspond to com-
plane in the former compound (Cy®, chromophore with pounds of formula [MnOg(O2SePhy(O.CMe)(H.0)] and
square planar surrounding), whereas it is out of the plane in thiMn;0g(0O2SePhy(H20)] which were prepared by react-
latter one (CuMO3 chromophore in a square pyramidal environ-ing HPhSeQ@ with [Mn12012(02CMe) 5(H20)4] in ace-
ment), a better overlap between the magnetic orbitals througtonitrile [173]. Both compounds contain an unprecedented
the o in-plane exchange pathway occurring in the former andMn+0g]®* core with a central [Mgi (n3-0) ]+ entity linked
thus, a larger antiferromagnetic coupling. to [Mn'ZV(pL—O)Z]4+ and [MrQ’(WO)(M—O)] units on either
In-phase and out-of-phase ac signals which are frequencside. Magnetic studies suggest a low ground-state spin value
dependent occur at very low temperaturegy( 43 left). The of §=2 and the appearance in the ac susceptibility of out-of-
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Fig. 43. Temperature dependencexgf and x,, for [Co'"Cu' (2,4,6-tmpa)(H20),]-4H,0 in zero applied static field and under 1 G oscillating field at different
frequencies of the oscillating field (left). Cole—Cole plot at 2.0 K (the inset shows the Arrhenius plot) (right). Adapted from Paféigedt@bpyright ©Wiley-VCH.
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phase signals characteristic of slow magnetization relaxation. 500
The authors pointed out that the slow relaxation is caused
by SCM behavior with the relaxation barriefg=9.87 cnt1)

arising from a combination of the molecular anisotropy 400 6.0,
and the exchange interaction between the individual; Mn o

molecules. v - 56
é 300 g

4.2. Cyanide-bridged bimetallic one-dimensional magnets z £ 52
. . 2 200 R

As commented previously, SCM behaviour has also % X438

be observed in cyanide-bridged heterometallic species =
[76,85¢,126—-128,137]Keeping in mind that the elongated 100 4

octahedral geometry for the high-spin Mrcomplex is known "50 100 150 200 250 300
to result in aB1g ground state with a negative axial zero field
splitting[174], Schiff-base complexes of Mhwere allowed to
react with the well known hexacyanometallate ions to afford a
plethora of cyanide-bridged networks from which we would like
to outline two of them, namely the linear trinuclear compound
K[(5-Brsa|en)(H20)2Mng' Fe' (CN)g] - 2H,0 [76] and the  Fig. 44. Temperature dependence of fhel’ product gy is the magnetic sus-
alternating chain BN[Mn}'(5-MeOsalen)Fe(CN] [175].  cepibility per FeCo unit) for{[Fe"" (bipy)(CN)s]2C0" (H20)2}-4H,0 underan
Magnetic data of the former compound reveal the occurrencpplied magnetic field of 100 G. The inset shows a detail of the high temperature
of weak exchange interactions within the clusters leading to §gnoe

ground spin state§ =5/2 with significant zero field splitting, 941(8)A] and [L3Cd" NCFe! (CN)e]-4H,0 [1.897(144]

frequency-dependence of the out-of-phase signals and a rever 7 The (TFeL(CNY-CA! (H-OW1-4H-0 chains h w

energy barrier of 16 cm', the overall picture corresponding ‘! ].t i el eth( )4t]2 I t(h 20)2}-4H20 ¢ lalns ]:ave_ 0

to a SMM. For the latter compound, the magnetic propertieé’r:f.;: Z'O?S ml iﬂ:uglooce't'h tﬁlrbmegnﬁaz_pgnes %rml(;lg

reveal the occurrence of interchain ferromagnetic interaction§ Le a anlg eo;ﬂ:31° V\':Ih th (Z a.XIS.Th e &Ot‘.” onas

(between the & and MA'" ions through the single cyanide M2KE an angie oL With the 5 axis. The magnetic proper-
ties of these one-dimensional compounds (we focus here on the

bridge and between a pair of Mnions across the double . i . . )
phenolato bridge) and slow relaxation of the magnetization,magnetlc behaviour of the bipy-containing chain, those of the

being a new example of SCM obtained by coupling ferro-phen derivative being practically identical) on polycrystall_ine
magnetically single-molecule magnets (the 'Mrlimer and powder samples correspond to ferromagnetic coupled chains of

the Mr''—Fd'_Mn'" trimer) in one dimension. Below, we high-spin Cd and and low-spin Rt ions with significant orbital

finish the present contribution with a summary of the SCMScont_nbunons F'Q_l- 44. Below BK, hysteresis Ic_Jops as we_II as
axima of the in-phase and out-of-phase signals, which are

obtained by using the tricyano- and tetracyano-containin ¢ v f q dent b dfor both chains indi-
low-spin iron(lll) units, which are specified above, as cyanide rongly frequency depenaent, are observed for both chains Indi
precursors. cating that they are e_xamples of SCMs. Magnenzauqn_measu_re-
ments on oriented single crystals of the bipy-containing chain
were performed to characterize its anisotropy. The chains in the
4.2.1. Single 4,2-ribbon like chains unit cell run parallel to the axis but there are two chains in the
The reaction of the building blocks [ (CN)4]~ (L=bipy unit cell with different orientations, the C®,, bonds of which
and phen) with the fully hydrated cobalt(ll) ions afforded make an angle a£31° with theb axis. The Ce-O,, bond defines
the isostructural 4,2-ribbon like bimetallic chains of for- the easy magnetization axis, the orientation of the resulting vec-
mula {[FeL(CN)]2Cd' (H20)2}-4H,0 which run pararell to  tors in thebe plane being depicted fig. 45(left). According to
the a axis Fig. 22 L=bipy). In these chains, the low-spin this picture, the magnetization along any directibfa in thebc
[FEL(CN)]~ entity acts as a bismonodentate bridge throughplane obeys the equatidio = m; cosa + mp cos ¢ + 62). This
two of its four cyanide groups inis positions towardrans- equation nicely reproduces the experimental magnetization data
diaquacobalt(ll) units. Each cobalt atom is six-coordinate within thebc plane Fig. 45 right). The magnetization minima occur
two water molecules and four cyanide-nitrogen atoms providwhen the applied magnetic field is perpendicular to one of the
ing a somewhat distorted CaN, motif. The values of the two vectors (that ist59° with respect to thé axis). The ther-
Co-Oy bond distances [2.103(2) (L =bipy) and 2.0886%4) mal dependence of the magnetization along the crystallographic
(L=phen)] are in agreement with those observed in aquaxes Fig. 46 reveals that the magnetization alongs very
complexes of high-spin cobalt(ll}176] and those of the weak, as expected due to the fact that theandm; vectors
Co—Neyanide [2.125(2) and 2.104(2) (L =bipy) and 2.147(2)  are perpendicular to this axis. All these features demonstrate the
and 2.113(2R (L=phen)] are longer than those observed in anisotropic Ising-type behavior of each of the two chains.
the Cd" (diamagneticyN—C—Fé'" (low-spin) unit of the sin- The value of the coercive field#¢) and the hysteresis loop
gle cyanide-bridged complexes4Cd" NCF€! (CN)s]-4H,O  for a single crystal of [Fe"! (bipy)(CN)]2Ca" (H20),}-4H,0
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Fig. 45. Orientation of the magnetization vectors{fffe' (bipy)(CN)]2C0" (H20)2}-4H,0 (left). Dependence of the magnetizatid)((a.u. units) of a single
crystal of {[Fe" (bipy)(CN)]2Cd' (H20),}-4H,0 vs. the rotation angle in the bc plane under an applied magnetic field of 0.5 T at 5K. The values of 0 &hd 90
correspond td//c andHIIb, respectively: () experimental data; (—) theoretical data obtained from the equation above (right). Reprinted (left and middle) and
reprinted (right) from Lescatzec et al[127]. Copyright ©Wiley-VCH.

are strongly dependent on the temperature and the sweep rate the phen derivative. In summary, these 4,2-ribbon like
as demonstrated by using micro-SQUID and Hall probe techFe'Z” Cd' ferromagnetic chains are Ising-like systems which ful-
niques. So, foH//b, H; increases from 1000 to 12000 G when fill the conditions required to observe slow relaxation of the
going from 2 to 1.1K at 0.002 T8 (Fig. 47, left) whereas it magnetization.
decreases whenincreasing the sweep rate (5000 and 750 G whenThe ferromagnetic coupling between the low-spin iron(lll)
going from 0.07 to 0.001 T at 2K) (Fig. 47, right). The and the high-spin cobalt(ll) ions could be qualitatively under-
observed rapid saturation of the magnetization and hysteresstood on the basis of DFT type calculations which provided an
effects are the signature of a ‘magnet type’ behavior. orbital picture of the magnetic interaction. These calculations,
Finally, ac measurements on a single crystaJ[6€" (bipy) ~ showthatin alocal octahedral geometry, the three unpaired elec-
(CN)4]2,C0" (H20),}-4H,0 along theb axis show frequency trons on the cobalt atom are described by, d._. and d,
dependence of the in-phase and out-of-phase signals belawvbitals [thez axis being defined by the E®,, bond and the
10K, the relaxation time following an Arrhenius plot with andy axes by the CeC—N(cyanide) bonds]. As far as the low-
70=9.4x 107125 andE,=98.7 cn1L. Similar behavior occurs spin iron(l1l) unit [Fe(bipy)(CN)]~ is concerned, its spin den-
sity map Fig. 48 shows that its unpaired electron is described
by a bg type orbital. The spin density is mostly localized at the
iron atom, the carbon and nitrogen atoms of the cyanide ligands
presenting small spin densities whose sign is determined by the
spin polarization mechanism. Having in mind the definition of
the axes given ifrig. 48[x andy axes being roughly defined by
the Fe-N(bipy) bonds], this magnetic orbital corresponds to the
combination ¢, — d,.. As easily inferred on a symmetry basis,
two ferromagnetic terms [strict orthogonality between the t
(at the F') and the ¢ and d2_ 2 (at the Cd) orbitals] and
an antiferromagnetic one [weak overlap between ihéat the
Fd!') and the g, (atthe Cd) orbitals] contribute to the magnetic
coupling in the{[Fe"" (bipy)(CN)]>Cd" (H20),}-4H,0 chain.
The former ones are predominant and lead to a net ferromagnetic
coupling.
Our attempts to extend this work to other anisotropic cations
such as copper(ll), afforded compounds of form{iiee!" (phen)
: : : : : : , . (CN)4]2CU" (H20)2}-4H,0 and {[Fe" (bipy)(CN)]2Cu' (H2
6 7 8 9 10 1 12 13 0O)2}-4H20 [126]. The structure of the former compound is
T/K made up of neutral cyanide-bridged 4,2-ribbon like)'fea!
Fig. 46. Field-cooled magnetization (FCM) of a single crystal of Chains €ig. 49 Whe.re ?aCh [Fe(phen)(CH) !mit adopts as a
{[F&" (bipy)(CN]oCd (H20)o}-4H,0 along the  crystallographica, b bismonodentate bridging mode toward@s-diaquacopper(ll)

andc axes, under an external field of 1000 G. Reprinted from Leizenetal.  €Ntity through two of its four cyanide groups irs positi-
[127]. Copyright ©Wiley-VCH. ons.
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Fig. 47. Field dependence of the normalized magnetizaiiéifg) measured on a single crystal §fFe!" (bipy)(CN)]>Cd' (H,0);}-4H,0 along theb axis:
hysteresis loops measured at various temperatures with 0.002Ekl sweep rate (left) and at 2.0 K under different field sweep rates (right).

whereas two other cyanide nitrogen atoms [N(1c) and N(1d)]
occupy the axial positions. The magnetic properties of this
chain compound correspond to a ferromagnetically cou-
pled Fg'Cu' trimer (Jrecy=+5.0cnTl). Because of the
long axial Cu+-N (cyanide) bonds (ca. 256 the axial
cyanide-to-copper exchange pathway is discarded and the
Fe(1)}C(3-N(3)-Cu(1)}>-N(3a)-C(3a)-Fe(1a) trinuclear unit
is the appropriate model to analyze the magnetic data of the
compound. The strict orthogonality between the interacting
magnetic orbitals By (at the iron) versus g(at the copper)
type orbitals] accounts for the ferromagnetic nature of the mag-
netic interaction. A somewhat stronger ferromagnetic coupling
Y (Jrecu=+12cn1) was observed in the related quasi-square
complex [F¢' Cul (1u-CN),(bipy)s](PFs)g - 4CHCN - 2CHC
Fig. 48. Spin density map for [Fe(bipy)(CNJ . The values of the atomic spin  Where single cyanide bridges link alternatively low-spin iron(111)
densities in electron units are: +1.131 (Fe)).018 (Nipy), —0.059 (Gyand ~ and copper(ll) iong82a]. The greater linearity of the cyanide
and fO.QBS (I\cl),amg._Mean values are given for the atoms other than iron. Spin bridges atthe EN—Cu fragmentin this last compound [171.9(3)
density is plotted with cutoff at 0.005 . and 176.3(3) versus 164.6(6)in the phen-containing complex]
is responsible for its larger magnetic coupling.

Each copper atom lies on an inversion center and has a The poor difraction pattern of the crystals of the related
distorted elongated octahedral geometry: two water moleculdsipy-containing F§ Cu' compound precluded a detailed struc-
in trans positions [O(1) and O(1a)] and two cyanide nitro- tural determination. However, analysis of the available data
gen atoms [N(3) and N(3a] form the equatorial planerevealed the occurrence of a neutral 4,2-ribbon like chain

g

Fig. 49. Perspective views of the asymmetric unif[gfe"' (phen)(CN)]2Cu" (H20),}-4H,0 with the atom numbering (left) and of a fragment of the chain structure
showing the intrachain hydrogen bonds (right). Adapted from Toma Et28]. Copyright ©The Royal Society of Chemistry.
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{[F€" (phen)(CN)].CU" (H,0),} similar to the previous one

2721

the lower anisotropy of the copper(ll) when compared to the

with phen but having a different orientation of the elonga-high-spin cobalt(ll) is at the origin of this shift toward the lower

tion axis at the copper atom: the twiains coordinated water

temperatures of the maxima of the out-of-phase signals in these

molecules are now imwxial positions and consequently, the ferromagnetically coupled 4,2-ribbon-like bimetallic chains.
four cyanide bridges fill the equatorial positions at the copper Compounds of formulg[Fe'' (bpym)(CN)]2M" (H20)2}-
atom. This structural modification has a strong influence on th&H20 [M =Co (Fig. 30 and Cu Fig. 31)] are also examples
magnetic properties because the number of ferromagnetic intr@f ferromagnetically coupled 4,2-ribbon like bimetallic chains
chain exchange pathways in this compound is twice that of thEL37]. The cobalt derivative exhibits slow magnetic relaxation

related phen-containing chain. So, thgT versusT plot of
{[F€" (bipy)(CN)4]2CU" (H20),}-4H,0 increases faster with
cooling than that of{[Fe'"! (phen)(CN)]2Cu'! (H20),}-4H,0.
Indeed, values ofymT (per Fd'Cd' unit) of 1.78 and
83cPmol~1K for {[Fe' (phen)(CN)].Cu'(H20),}-4H,0
and {[Fe" (bipy)(CN)]2CU" (H20)2}-4H,0, respectively, at

and hysteresis effects behaving as a SCM. The values of the
coercive field ) and remnant magnetizatiod() for this com-
pound Fig. 51, left) are 250 G and 2.0 BM, respectively. The ac
signals are frequency dependent at low temperatuiigs 51,

right) and the relaxation times follow an Arrhenius law with
Ea=18cmlandrg=1.2x 10 9s.

3.5K (under an applied field of 250 G) are observed. A sharp The isostructural copper derivative exhibits metamagnetism.
decrease ofymT is observed at very low temperatures, the The thermal dependence gfy 7' for this compoundKig. 52

value ofym T at 1.9 K being 61 crhmol~! K. The magnetization
plot of the {[F€"" (bipy)(CN)s]2Cu" (H20),}-4H,0 compound

reveals the occurrence of a significant intrachain ferromagnetic
coupling, the decrease g4 T at low temperatures being due

(Fig. 50 left) unambiguously shows the occurrrence of ferro-to interchain magnetic interactions. The maximum of the mag-

magnetic couplingd increases very rapidly whef increases

netic susceptibility which occurs at 2.2 K under an applied field

and it tends to a saturation value close to 3.2 BM at 5 T. This sa©f 100 G moves toward lower temperatures when increasing the

uration value is as expected for a spin state3/2 arising from
the parallel alignment of three spin doublefs(Scy + 2SFewith

applied field and it disappears fér> 400 G (inset of-ig. 52.
This suggests a field-induced transition from an antiferromag-

Sre=Scu=1/2 andgre=gcu = 2.0). The occurrence of a plateau hetic to a ferromagnetic ground state. Such magnetic behaviour

in the magnetic susceptibility plot §t<3 K under low mag-

netic fields (inset ofrig. 5Q, left) indicates a saturation effect.

The ac magnetic susceptibility measuremeiig.(50 right)

is consistent with the structure: two parallebFeu" ferromag-
netic chains with weak interchain antiferromagnetic interactions
through the alternating four- and six-membered water rings

show the occurrence of a maximum of the real component at c&Fig. 31). In the case of the cobalt derivative, the six-membered
3.0K and non-zero values for the imaginary component belowWings which connect the parallel #€0' ferromagnetic chains

3 K which are frequency dependent. These features rule out tH&em not to be able to mediate any significant interchain mag-
three-dimensional magnetic ordering of this compound and sughetic coupling down to 1.9 K and the SCM behavior is observed.
portits behaviour as a SCM. The evaluation of the energy barrier The 4,2-ribbon like chain compound[Fe" {HB(pz)s}

is precluded in the present case due to the very low temperdCN)s]2Cu(MeOH)-2MeOH where thgac-{[Fe"' {HB(pz)s}

tures "< 1.8K) where the maxima o,fM occur. Most likely,
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Fig. 50. Magnetization plot of[Fe"' (bipy)(CN}]2CU' (H20)2}-4H,0 at 2.0 K: (O) experimental data; (—) eye-guide line. The inset shows the field dependence
of the magnetic susceptibility at very low temperatures (left). Rgg)) @nd imaginary f;\',l) components of ac susceptibility in a 1 G field oscillating at different
frequencies (1-1400 Hz) without dc magnetic field (left). Reprinted from Toma [dt2&]. Copyright ©The Royal Society of Chemistry.
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(right).

a very recent example of SCN85c]. Again, the intrachain 4.2.2. Double 4,2-ribbon like chains

magnetic interaction between the low-spin iron(lll) ion and the As commented in Section 3.2, isostructural bis double
copper(ll) ion is ferromagnetic and interchain magnetic interaczigzag chaing[Fe"" (bipy)(CN)]oM'" (H20)}-1/2H,0-CH3CN
tions were not observed down to 1.8 K. Ac signals are frequencgM = Co and Mn) Fig. 23 result from the the condensation
dependent below 6 K and the valueEfandzg obtained by fit  of two parallel 4,2-ribbon like chains, one of the axially coor-
to an Arrhenius plot are 78.0 cthand 2.8x 10~ 13s. Although  dinated water molecule to the metal atom M of one chain
this tailored cyano precursor is already well adapted to prepargeing replaced by a cyanide nitrogen from the other chain
magnetically isolated chains, the geometric constraints causg#i28]. The magnetic behaviour of the manganese derivative for
by replacement of its boron-hydrogen by bulky organic groupg=€)' Mn'" unit (Fig. 53 corresponds to an overall antiferromag-
will provide researchers in the near future with a straightfor-netic interaction. Upon coolinggy7 continuously decreases

ward synthetic route to obtain well isolated low-dimensionalfrom 5.20 cnf mol~1K at 300K to 1.10 crAmol~1K at 1.9 K.
heterometallic magnetic species.
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Fig. 52. Thermal dependence of thew7 product for {[Fe" (bpym)
(CN)4]2Cu' (H20),}-6H,0 under an applied magnetic field of 100 G)exper-  Fig. 53. Thermal dependence of thgm7 product for {[Fe" (bipy)
imental data; (—) eye-guide line. The inset shows the field dependence diCN)4]oMn' (H,0)}-1/2H,0-CH3CN under an applied field of 100 GA}

the magnetic susceptibility at very low temperaturBsvarying in the range  experimental data; (—) eye-guide line. The inset shows the magnetization versus
100-400 G). H plotat 2.0K.



R. Lescouézec et al. / Coordination Chemistry Reviews 249 (2005) 2691-2729 2723

The magnetization plot (inset dfig. 53 confirms the anti- coupling. The magnetic behavior of the double chain com-
ferromagnetic coupling between the low-spin iron(lll) and thepound{[Fe" (bipy)(CN)].C0d" (H20)}-1/2H,0-CH3CN under
high-spin manganese(ll) with a magnetization value at 5 T of cal# > 600G is similar to that observed for the related 4,2-
2.8 BM which is close to that expected ®F 3/2 =Sy, — 2Sre  ribbon like chain{[Fe'" (bipy)(CN)4]2Cd" (H20),}-4H,0 (sin-
(3.0BM with gmn=gre=2.0). In the light of the electronic gle nanowire) which exhibits SCM behavior. The two con-
configurations of the high-spin Mn(ll) %eé) and low-spin  densed chains can be viewed as an example of double nanowire.
Fe(lll) (t34€5) ions, dominant antiferromagnetic contributions Frequency-dependence of the out-of-phase suceptibility of the
will occur and consequently, the intrachain antiferromagneti@ouble nanowire under an applied field of 800G is observed
coupling is anticipated, as observed. (inset ofFig. 54 right). The relaxation time follows an Arrhe-
Interestingly, thexmT versusT plot of the cobalt deriva- Nius plot with an energy barrie€a=105.5cm™* and a pre-
tive on polycrystalline samples increases monotonically fromeXponential factorro=1.5x 10-*"s. The value of this last
room temperature upon cooling to reach a maximum of caParameter is much smaller than those reported for the previ-
94cn?mol-1K at 10K and then decreases to 5omol-1K  ous Fé&' Cd' bimetallic chains but since it is obtained under an
at 1.9K (Fig. 54 left). A susceptibility maximum is observed @pplied field, the comparison cannot be made.
at 7K under applied magnetic fields lower than 600G (inset The condensation of two 4,2-ribbon like bimetallic
of Fig. 54 left). This maximum disappears féF>600 G, sug- chains is also observed in the compounds of formula
gesting a field-induced transition from an antiferromagnetic to 4 [F€"' (Phen)(CN)]2Cu'}-H,0 (Fig. 55 and {[Fe (bipy)
ferromagnetic ground state. These magnetic features are cons{&N)al2Cu' }-2H20 (Fig. 56 [126]. The mononuclear pre-
tent with the crystal structure: presence of two parallgl €e!  cursor [Fe(L)(CN)]™ (L=phen and bipy) exhibits bismon-
chains with intrachain ferromagnetic coupling which interactodentate [Fe(2)] and trismonodentate [Fe(1)] bridging modes
antiferromagnetically. The metamagnetic behavior of this comioward the copper atom through twais( positions) and three
pound is evident from the sigmoidal shape of Meversusi ~ (fac positions) of its four cyanide groups, respectively. The
plot at 2.0K Eig. 54 right) and the fast increase of at#  copper atom is five-coordinate with five cyanide-nitrogen
about 600G. Under an applied field greater than 600G, thatoms building a distorted CyNsquare pyramid. All the
interchain antiferromagnetic coupling is overcome and the comCU-N—C angles for the phen-containing compound are sig-
pound behaves as two ferromagnetidj'l@n“ chains. nificantly bent, the minimum and maximum values being
Three-dimensional magnetic order in this compound isl61.0(4) and 171.4(5) However, in the structure of the dou-
ruled out on the basis of the lack of \apeak in the heat ble chain with bipy, only two of the five GeN-C angles
capacity measurements in the temperature range 290-1.gd€viate significantly from linearity [159.4(2) and 168.2(2)
both at H=0 and 800G. The magnetization at saturationwhereas the other three vary in a narrow range close t6 180
per F&'Cd' unit, at 2.0K and 5T, is 4.1BM [ca. 1.0BM [173.1(3)-179.5(2). The CN stretching region of the infrared
per F¢' and 2.0BM per Cb (assuming and effective SPectra of these compounds provides evidence of the presence
Sco=1/2 andgco=4)] supports the intrachain ferromagnetic Of bridging [doublet at 2175s and 2157mch(L = phen) and
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Fig. 54. Temperature dependence of #eT" product per F? Cd' unit under an applied field 100 G (the solid line is an eye-guide). The inset shows the field
dependenceH covering the range 300-700G) @fs at very low temperatures (left). Magnetization vergiiplot at 2.0K. The inset shows the out-of-phase
component of the ac susceptibility in a 1 G field oscillating at different frequencies (0.1-1000 Hz) and under a dc magnetic field of 800 G. RepiTatea feom

al. [128]. Copyright ©The Royal Society of Chemistry.
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Fig. 55. Structure of the double chajfFe"" (phen)(CN)]2Cu' }-H20: perspective view of the asymmetric unit (left); a schematic view of a fragment of the double
chain skeleton (the full lines represent the cyanide bridges) (right). Adapted from Tom§l@6&l Copyright ©The Royal Society of Chemistry.

2172s and 2158mcnt (L =bipy)] and terminal [single peak ture (’'<1.8K) in the case of L =phen, precluding the evalu-
at 2125m (L =phen) and 2121m cth(L = bipy)] cyanide lig- ~ ation of the energy barrier. However, in the case of L=bipy
ands. The iron-copper separation through bridging cyanide af@e range of temperatures is somewhat higlreg.(57 and
5.112(2) [Fe(1)- - Cu(1)], 5.016(2) [Fe(1)- - Cu(La)], 5.025(2) values ofE;=35cnT! and7p=4.0x 10135 could be calcu-
[Fe(1)- - - Cu(1c)], 5.031(2) [Fe(2)--Cu(l)] and 5.041(2A lated through the corresponding Arrhenius plot. The value of
[Fe(2)- - - Cu(1f)] for L = phen and 5.0293(7) [Fe(1)- Cu(lc)], 7o is close to that observed in the related double chain mag-
5.0875((7) [Fe(1)--Cu(l)], 5.1892(9) [Fe(l)--Cu(ld)], net{[Fe" (bipy)(CN}]2Cd'(H20)} 1/2H,0-CH3CN [128] but
5.1004(7) [Fe(2)- - Cu(1)] and 4.9381(7A [Fe(2)- - Cu(lc)] thatofEais smallerin agreementwith the lower local anisotropy
for L= bipy. of the copper(ll) ion.

These double chains exhibit metamagnetic-like behavior: DFT type calculations were performed on the mononuclear
significant intrachain ferromagnetic coupling between the low{Fe"' (phen)(CN)] and [CU'(NC)s] units and on heterodin-
spin iron(lll) and the copper(ll) ions and weak interchain anti-uclear single cyanide-bridged 'eCu' fragments in order
ferromagnetic coupling, the values of the critical field beingto analyze the exchange pathways and to get an orbital pic-
He=1100 (L=phen) and 900G (L=bipy). The, values ture accounting for the magnetic interactions in these double
give the order of magnitude of the interchain interactionschains. As shown in the spin density map of the low-spin
ca. —0.1cntl. The values of the magnetization at satura-[Fe (phen)(CNJ]™ unit (Fig. 58 left), its unpaired electron is
tion per F4'Cu' unit, at 2.0K and 5T, are close to 3.2BM described by ap orbital which corresponds to the combina-
[ca. 1.0BM per each H& and 1.0BM per Cli (assuming tion di; —dy; [the x andy axes being roughly defined by the
gre=gcu=2.0)], in agreement with an intrachain ferromagneticFe-N(phen) bonds]. The spin density is mostly localized at the
coupling. No ac signals are observed for these double chairign atom, the carbon and nitrogen atoms of the cyanide lig-
under a dc applied fiel =0 G, as expected for a non-magnetic ands presenting small spin densities whose sign is determined
ground state caused by the interchain antiferromagnetic coly the spin polarization mechanism. As far as the copper(ll) ion
pling. However, frequency-dependent out-of-phase ac signal§ concerned, the corresponding spin density rivég 68 right)
occur below 4.0K under the applied fiell> H;. The maxi-  shows that the unpaired electron of this cation is of theype
mum of the out-of-phase signal occurs at too low a tempera@nd it lies mainly in the equatorial plane,fd . type orbital

Fe2d

Fig. 56. Structure of the double chaffFe!"" (bipy)(CN)s].CU' }-2H,0: (left) perspective view of the asymmetric unit; (right) a schematic view of a fragment of the
double chain skeleton (the full lines represent the cyanide bridges). Adapted from Tomd28RICopyright ©The Royal Society of Chemistry.
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12 4 right). Simple symmetry considerations allow one to predict fer-
romagnetic coupling foy; andJ, (case of strict orhogonality
between the interacting magnetic orbitals). Under ideal condi-
tions (strict linearity of the two bridging cyanides aad 0°),
J1=J>. As the value ofe in {[Fe" (phen)(CN)].Cu''}-H,0

is 45, Jo is expected to be greater thdp The value of/3
whatever its sign could be, has to be very small compared with
those of/; andJ, because of the weak spin density on the axial
nitrogen—cyanide atom. Structural parameters such as the values
of « and g will determine the sign afs.

The best set of computed coupling parameters were +61.1,
+31.7 and +3.4cm! for J1, J> and Ja, respectively. The
signs of the two former parameters are as expected but
their respective values exhibit the opposite trend to that pre-
dicted. Most likely, the lower linearity of the F€—-N—Cu
. linkage corresponding ta/, accounts for its weakening.
TIK The calculations show thaks is also ferromagnetic. Given

) . that the value of8 is close to 90, even small deviations
Fig. 57. In-phase and out-of-phase components of the ac susceptibility o(f)f from 90° would cause ferromaanetic interaction due
{[Fe" (bipy)(CN}]2CU' }-2H,0 in a 1 G field oscillating at different frequen- 4 9

cies and under a dc magnetic field of 1000 G. Reprinted from Tomafées]. (O the strict orthogonality between the interacting magnetic
Copyright ©The Royal Society of Chemistry. orbitals. With these calculations in mind, the metamagnetic
behavior of the double chaifgFe'" (phen)(CN)].Cu'}-H,0

with thex andy axes defined by the equatorial @u(cyanide) — and {[Fe" (bipy)(CN)]2Cu'}-2H,0 can be understood as
bonds]. A significant spin delocalization on the equatorially2 result of dipolar interchain interactions within the dou-
bound cyanide-nitrogen atoms is observed, the sign of the spile chain motif. The short separation between the two par-
density of the atoms around the copper being determined by trélel F&'Cu' chains and the large spin of each chain at
spin delocalization. low temperatures would allow the dipolar ineractions to over-

With these orbital pictures in mind, it is easy to visualize thecome the very wealiz coupling. In summary, these two last
exchange pathways through the cyanide bridge in the doubl@etamagnetic compounds are additional examples of double
chain structure: two of therd{ and/,) within one of thetwopar- nanowires, the very low value of the blocking temperatures
allel chains Fig. 59 left) an the other one/§) between the two  being most likely due to the small anisotropy of the copper(l)
parallel chains through the axial copper to cyanide béigl 69 on.
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o 3
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Fig. 58. Spin density maps for [Féphen)(CN)]~ (left) and [CU' (NC)s] (right), the spin density (in electron units) being plotted with cutoff at 0.015 e. The values
of the spin density for the iron unit are: +1.129 (Fe}).018 (Nyipy), —0.059 (Gyand and +0.038 (hano [average values are given for the atoms other than iron].
The values of the spin density at the copper unit are: +0.676 (Cu), +0.090 (equatgsi@),N-0.009 (equatorial gang), +0.001 (axial Nyang and—0.002 (axial
Ceyano [average values are given for the atoms of the equatorially bound cyanide ligands]. Reprinted from Torfi26{. aopyrighP The Royal Society of
Chemistry.
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Fig. 59. Orbital pictures of fragments ¢fFe'' (phen)(CN)].Cu'}-H,0: (a) in one of the two parallel chains showing the two exchange pathways through the
equatorially bound cyanide to copper bonds; (b) between the two parallel chains through the axial cyanide to copper bond. Reprinted fronjT26ha3et@lright
©The Royal Society of Chemistry.
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