Synthesis, crystal structures and magnetic properties of linear
and bent trinuclear complexes formed by hexacyanometallates

and copper(11) complexes
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The bimetallic trinuclear complexes, [{(tpa)Cu(NC)},Fe(CN),]C10,-6H,0 (1), [{(tren)Cu(NC)},Fe(CN),]CIO,-
4H,0 (2), [{Cu(tpa)NC},Cr(CN),]C10,-8H,0 (3) and [{Cu([15]aneN,)NC},Cr(CN),]C10,-4H,0 (4) [tpa = tris(2-
pyridylmethyl)amine, tren = tris(2-aminoethyl)amine, ([15]aneN, = 1,5,9,12-tetraazacyclopentadecane] were prepared
by addition of solutions of the Cu™ tpa, tren and [15]aneN, complexes to solutions of hexacyanometallate,
[M(CN)¢*” (M = Fe or Cr), in a 2:1 molar ratio. For 1, an oxidant was added to prevent reduction of the Fe™
centre, while for 2, the synthesis was carried out in acetonitrile. 1 Consists of quasi-linear trinuclear units of two

trans-oriented [Cu(tpa)** ions linked to the central Fe™

core via two bridging cyano groups with the Cu" centres

residing in a distorted trigonal bipyramidal geometry. Use of a bis(bidentate) Cu(i) chelate, [Cu(H,LN,),J(NO;),
(H,LN,=1,1"4,4",5,5",6,6"-octahydro-2,2'-bipyrimidine), yielded the first example of a non-linear cis-oriented
trinuclear complex, [{(H,LN,),Cu(NC)},Fe(CN),]NO;-3H,0 (5), in which the Cu™ centres have a square pyramidal
geometry. Magnetic studies on complex 1 show a rapid increase in the magnetic moment below 25 K, consistent with
the presence of ferromagnetic coupling between the Fe™ (LS, S'=1) and Cu™ (S = 1) metal centres, where gc, = gg, =
2.16,J,=4.3cm™", J;; = —0.18 cm™". The cis-complex, 5, showed close to Curie-like behaviour and gave a good fit
to the trimer model using g¢, = gre = 2.31, J;, = 1.95ecm ™!, J;; = —2.1 em™'. The Cu"Cr™Cu" complex 4 also
displayed ferromagnetic coupling across the Cr—CN—Cu bridges because of orthogonal t,,(Cr)/e,(Cu) orbital
overlap. Best-fit parameters are g = 2.1, Jo,or = 1.31 cm ™, Joyop = 0 cm ™!, Complexes 2 and 3 showed related
ferromagnetic behaviour but which fitted poorly to the trimer model.

Introduction

In recent years, recognition of the ability of the cyano group
to bridge two metal centres and to promote ferromagnetic
interactions has led to the application of hexacyanometallates
as building blocks for bimetallic assemblies with 1-D chain,
2-D sheet and 3-D lattice structures and showing novel
magnetic properties."* In addition to these polymers, hexa-
cyanometallates have been used as templates for discrete
bimetallic clusters.’®! Verdaguer and co-workers have reported
detailed studies of two heptanuclear clusters, [Cr{(CN)-
Ni(L)}](ClO,), (L = tetraethylenepentamine) and [Cr{(CN)-
Mn(L)}¢J(CIO,), [L = N,N,N’-tris(2-pyridylmethyl)-N’-
methylethane-1,2-diamine],***?% in which [Cr(CN) >~ is
encapsulated by either six Ni'' (S = 1) or six Mn" (S = 5/2)
moieties. We have reported the structures of several hepta-
nuclear [M, {(CN)M,L}¢**”* clusters, where M, = Fe', M, =
Cu™ and L = tris(2-pyridylmethyl)amine (tpa);* M, = Fe"|,
M, = Cu™ and L = tris(2-aminoethyl)amine (tren);** M, = Fe"|,
M, = Mn" and L = 1,4-bis(2-pyridylmethyl)-1,4,7-triaza-
cyclononane (dmptacn);*! M, = Cr'™, M, = Mn" and L =
dmptacn.” For the M, = Fe™, M, = Cu™ and L = tren combin-
ation, a product has been isolated in which the heptanuclear
[M, {(CN)M, L} " cluster and a pentanuclear [(CN),M, {(CN)-
M,L},J°" cluster have co-crystallised.*® The formation of these
products has been aided by the judicious choice of multidentate
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ligands (i.e. branched tetradentate ligands with Cu™ and penta-
dentate ligands with either Mn™ or Ni"). The isolation of
an octanuclear cluster, [M,Co,(CN),,(L%)]"**,** with a cubic
arrangement of metal ions, prepared from [(tacn)M(OH,)*"
(M = Cr or Co) and [(tacn)Co(CN),], and [{bpm),Ni};-
{Fe(CN)s},],® a neutral pentanuclear cluster prepared
from [(bpm),Ni(OH,),*" and [Fe(CN)s*" [tacn = 1,4,7-tri-
azacyclononane, bpm = bis(pyrazolyl)methane], further high-
lights the importance of the choice of co-ligand. It should be
noted, however, that Hashimoto et a/.?’ and Decurtins et al.?®
have been able to isolate discrete bimetallic clusters with very
high spin ground states which do not have multidentate
co-ligands (viz. the two isostructural [Mn",M,"] cyano-bridged
clusters with M = W or Mo).

Efforts to elucidate structural features of M,—C=N-M,-
bridged clusters have led to the study of a few trinuclear com-
plexes, e.g. [{(tren)Cu(NC)},Fe"(CN),]-12H,0.% The relevance
of bridged binuclear iron—copper complexes to the enzyme
cytochrome C oxidase has led a number of groups to develop
discrete heteropolynuclear complexes incorporating iron
porphyrin units.'"

The paucity of bimetallic trinuclear complexes incorporating
hexacyanometallates prompted us to prepare such complexes
by reacting [M™(CN)4*~ (M = Fe, Cr) with the Cu™ complexes
of polydentate ligands. The ligands exert some control on the
nuclearity of the bimetallic product by occupying all but one
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coordination site on penta-coordinate Cu™ centres. We report
here the synthesis and characterisation of five hetero-trinuclear
complexes: [{(tpa)Cu(NC)},Fe(CN),]C10,-6H,0O (1), [{(tren)-
Cu(NC)},Fe(CN),]C10,-4H,0 (2), [{Cu(tpa)NC},Cr(CN),]-
ClO,8H,0 (3) and [{Cu([15]aneN,)NC},Cr(CN),]CIO,
4H,0 (4) ([15]aneN, = 1,5,9,12-tetraazacyclopentadecane),
[{(H,LN,),Cu(NC)},Fe(CN),[NO;-3H,0  (5), (H,LN, =
1,1',4,4',5,5',6,6'-octahydro-2,2'-bipyrimidine). The complex
cations are depicted in Fig. 1. Since completion of this work,
another linear trinuclear Cu™Fe™-Cu™ complex of a tetra-
dentate Schiff-base ligand has been reported.®
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Fig. 1 Structures of the bimetallic trinuclear cations of complexes
1-5.

Experimental
Physical measurements

Infrared spectra were recorded as KBr disks on a Bruker 1600
FTIR spectrometer and UV-visible spectra on a Cary 5G
spectrophotometer. Electron microprobe analyses were made
with a Jeol JSM-1 scanning electron microscope through an
NEC X-ray detector and pulse processing system connected to
a Packard multichannel analyser. Solid samples were mounted
on an aluminium planchette and covered with a thin film
of carbon using a Balzer Union CED 010 carbon sputterer.
Variable temperature magnetic susceptibilities of homogeneous
powders or polycrystalline samples were measured as described
previously,”® on a Quantum Design MPMS SQUID magneto-
meter (temp. range 4.2-300 K). Samples were contained in
gelatin capsules which were held in the centre of a soda straw
fused to the end of the sample rod. Mdssbauer spectra were
obtained in the transmission mode using a *’Co in Rh source.
The samples were crushed and placed in an iron-free polymer
sample holder and the spectra recorded in the absence of an
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applied magnetic field. The isomer shifts were calibrated against
natural a-iron foil at room temperature. Curve fitting was
performed using least-squares procedures and employed
Lorenztian line shapes.

Materials

Tris(2-pyridylmethyl)amine  (tpa),** 1,1',4,4',5,5',6,6'-octa-
hydro-2,2’-bipyrimidine (H,LN,),* [Et,N];[Fe(CN)¢]** and
K,[Cr(CN)]*® were prepared by published procedures. All
other chemicals and solvents were of reagent grade and were
used without further purification.

CAUTION: Although no problems were encountered in this
work, transition metal perchlorates are potentially explosive
and should be prepared in small quantities. Due care must be
taken when handling perchlorate and cyanide salts.

Syntheses

[{(tpa)Cu(NC)},Fe(CN),JC10,-6H,0 (1). A solution of
Cu(ClO,),6H,0 (0.64 g, 1.72 mmol) in water (30 ml) was
added to a stirred solution of tpa (0.50 g, 1.72 mmol) in water
(30 ml), and the resulting royal blue solution stirred for a
further 10 min. To this solution of [Cu(tpa)OH,](ClO,),, a
solution of K;[Fe(CN)] (0.28 g, 0.86 mmol) containing an
excess of K,S,04 (0.26 g, 0.95 mmol) in water (55 ml) was added
dropwise, resulting in the immediate precipitation of 1 as a
green powder. The product was collected by filtration, washed
with water, ethanol and ether, and then air-dried (0.93 g, 95%).
Green crystals suitable for X-ray diffraction studies were
obtained by recrystallisation from a water—acetonitrile mixture
(1:4 v/v). Analyses calc. for C,,H,sN,;,0,,CICu,Fe: C 44.8; H
4.3; N 17.4; found: C 45.0; H 4.6; N 18.0%. Selected IR bands
(cm™): v(OH) 3419; v[C=N(b)] 2158; v[C=N(1)] 2122; v(py)
1609, 1574m, 1482s, 1442s, 774vs; v(ClO,) 1114, 1090, 628.
Electron microprobe: Cu, Fe, Cl present. UV-visible [,,,,/am
(Ema/M 'em™"); CH,CNJ: 423 (1220), 834 (446). Magnetic
moment: /g (295 K) = 3.35 up per molecule.

[{Cu(tren)NC},Fe(CN),]IC10,-2H,0 (2). A solution of
[Cu(tren)(OH,)][CIO,], was prepared by adding a solution of
Cu(ClO,),-6H,0 (0.370 g, 1.00 mmol) in CH;CN (10 ml) to a
stirred solution of tren (0.146 g, 1.00 mmol) in CH,;CN (10 ml).
Dropwise addition of a solution of [Et,N];[Fe(CN)4] (0.300 g,
0.50 mmol) in CH;CN (15 ml) to the [Cu(tren)(OH,)][CIO,],
solution precipitated a bright green powder of [{Cu(tren)CN} ,-
Fe(CN),]C10,-2H,0. The powder was collected by filtration
and air-dried (0.316 g, 41%). Analyses calc. for C;gH, N ,-
O(CICu,Fe: C 28.2; H 5.3; N 25.6; found: C 28.2; H 5.2;
N 25.4%. Selected IR bands (cm™'): w(OH) 3446vs br; v(NH)
3325vs, 3267vs; v[C=N(b)] 2146s; V[C=N(t)] 2116vs; w(ClO,)
1115vs, 1089vs, 628s. Electron microprobe: Cu, Fe, CI present.
UV-visible [Apad/Mm (gma/M ™' cm™"); DMSO]: 426 (1130),
665sh (224), 811 (298). Magnetic moment: ¢ (290 K) = 3.56 g
per molecule.

[{Cu(tpa)NC},Cr(CN),IC10,-8H,0 (3). A solution of [Cu-
(tpa)(OH,)][CIO,], was prepared by adding Cu(ClO,),-6H,0
(0.376 g, 1.01 mmol) in water (50 ml) to a stirred solution of
tpa (0.295 g, 1.02 mmol) in water (30 ml). A solution of
K,[Cr(CN)g] (0.166 g, 0.51 mmol) in water (25 ml) was then
added dropwise, resulting in the immediate precipitation of a
green—blue powder of 3. This powder was filtered and washed
with water and air-dried (0.417 g, 81%). Analyses calc. for
C,,H5,N,,0,,CICu,Cr: C43.5; H 4.5; N 16.9; found: C 43.6; H
3.9; N 16.7%. Selected IR bands (cm™'): w(OH) 3418vs br;
V[C=N(b)] 2178s; v[C=N(1)] 2129m; v(py) 1610vs, 1575m, 1482s,
1442vs, 774vs; v[ClO,4] 1092vs, 628s. Electron microprobe: Cu,
Cr, Cl present. UV-visible [Ap./nm (/M ™' cm™"); DMSOJ:
598sh (215), 790 (471). Magnetic moment: pq (295 K) =4.74 1y
per molecule.



[{Cu([15]aneN,)NC},Cr(CN),]C10,-4H,0 (4). An aqueous
solution of [Cu([15]aneN,)(OH,)][CIO,], was prepared in situ
by addition of a solution of [15]aneN, (0.215 g, 1.00 mmol) in
water (15 ml) to a stirred aqueous solution of Cu(ClO,),-6H,0
(0.371 g, 1.00 mmol). A solution of K;[Cr(CN),] (0.327 g, 1.00
mmol) in water (20 ml) was then added dropwise, resulting in a
colour change from purple-blue to deep blue. Excess NaClO,
(1.0 g) was added and the solution allowed to evaporate slowly
at room temperature in the dark. Blue plates of 4 precipitated
and were collected by filtration, washed with water and air-
dried (0.31 g, 67%). Analyses calc. for CygHgyN;,ClO4Cu,Cr:
C 36.0; H 6.5; N 21.0; found: C 35.9; H 6.8; N 21.3%. Selected
IR bands (cm™'): v(OH) 3386vs; w(NH) 3234vs; v[C=N(1)]
2127s; v(ClO4) 1102m, 1066s, 628m. Electron microprobe: Cu,
Cr, CI present. UV-visible [/, /nm (g,,/M™" cm™); H,Ol:
375sh (168), 592 (333). Magnetic moment: i (294 K) =4.85 1y
per molecule.

[{(H,LN,),Cu(NC)},Fe(CN),INO;-3H,0  (5). K;[Fe(CN)f]
(0.164 g, 0.5 mmol) and K,S,04 (0.2 g, 0.74 mmol) were
dissolved in 15 ml of water to give a yellow solution. Separately,
Cu(NO;),-3H,0 (0.128 g, 0.53 mmol) and H,LN, (0.160 g, 1.0
mmol) were dissolved in 25 ml of water to give a blue solution.
Mixing of the two solutions gave a green precipitate of 5, which
was collected by filtration. Evaporation of the mother liquor
yielded well-formed green crystals of 5 (0.60 g, 82%). Analyses
calc. for C33Hg,N,;04Cu,Fe: C 40.7; H 5.6; N 28.8; found: C
40.2; H 5.4; N 27.4%. Selected IR bands (cm™"): vJOH] 3306vs
br; v(NH) 3149s; v[C=N(b)] 2152w; v[C=N(t)] 2120s; v(C=N)
1618s. UV-visible (/,,,/nm; powder): 430, 658, 809. Magnetic
moment: i (295 K) = 3.54 5 per molecule.

X-Ray crystal structure determination

Measurements on a green prismatic crystal of 1, of approx-
imate dimensions 0.22 X 0.20 x 0.20 mm, were made on a
Rigaku AFC6R diffractometer with graphite-monochromated
Cu-Ko radiation and a rotating anode generator. The data were
corrected for Lorentz and polarisation effects and for crystal
decay. The structure of 1 was solved by direct methods*” and
refined by full matrix least-squares on F using the teXsan
crystallographic software package. The asymmetric unit of
the ordered structure contains a cation with pseudo-P3m sym-
metry situated at 0.3513, 0.3271, 0.5000 creating a pseudo-
rhombohedral R3m symmetry. This symmetry is broken by the
locations of the equatorial CN ligands of the cation and by
the location of the anion and water molecules. However, a
pseudo-inversion at 1/3, 1/3, 0 also relates the 3, screw-related
molecules at 2/3, 0, 2/3 and 0, 2/3, 1/3. This pseudo-inversion
symmetry creates sufficient refinement inconsistencies in an
unconstrained refinement (mismatched distances and U
parameters across the pseudo-inversion centre) to justify a
refinement with constraints and restraints. This clearly demon-
strated that such features were artifacts of an unconstrained
pseudo-centrosymmetric structure refinement.

The program RAELS00% was used for the constrained
refinement and, in the final cycle, 260 variables were used to
refine the 3290 reflections (out of 3937 merged reflections)
considered reliably observed with 7> 3g(). All Cl and O atoms
were refined as unrestrained isolated atoms. However, the
pseudo-centrosymmetric cation was constrained to have 6
identical planar fragments, [N(12), C(102) to C(107)], etc.,
using a common set of refinable local coordinates defined
relative to 6 individually refinable local orthonormal axial
systems.” Remaining differences in pseudo-centrosymmetric-
ally related bonds in the cation were restrained to approach zero.
A 15-parameter rigid-body TLX thermal parameterisation*
was used for the perchlorate anion. Two 12-parameter TL
parameterisations were used for the [N(12) to N(15), C(102) to
C(119)] and [N(22) to N(25), C(202) to C(219)] fragments.

These were centred on Cu(l) and Cu(2), respectively, and
constrained to have equal parameterisations.*! Pairs of pseudo-
centrosymmetrically related atoms in the cation that were not
included in the TL parameterisations were constrained to have
equal isolated anisotropic atom parameterisations. The water O
atoms were refined as isolated anisotropic atoms.

Hydrogen atoms were relocated in geometrically sensible
positions after each refinement cycle and given the same
thermal parameters as the atoms to which they are attached.
Standard deviations are calculated using the inverse of the
matrix used for the least-squares and assume the correctness of
the various constraints and restraints. Water hydrogens
were inserted according to the following hydrogen-bonding
pattern: O(2) --- H-O(1)-H --- O4*), O(7) --- H-O(2)-
H --- O(13%), O(1) --- H-O(3)-H --- N(61*), N(31) --- H-
O@4)-H -+ O(6*), N(61) -+ H-O(5)-H -+ O(12), N(41) - -
H-O(6)-H - -- O(14%), N(51) - -+ H-O(7)-H - - - O(5%),
N(51) --- H-O(8)-H --- O(11%). The enantiomorphic
structure in P3; was tested, but refined to give R(F) = 0.068
and GoF = 2.28 for the reflections with 7 > 3a([).

Data for compound 5 were collected on a Nonius Kappa
CCD diffractometer with graphite-monochromated Mo-Ko
radiation. The data were corrected for Lorentz and polarisation
effects. The structure was solved by direct methods and refined
on F? using the SHELX suite of programs.*> The nitrate
counterions were disordered over four equally occupied
positions, two of which were related by an inversion centre and
required restraints to produce sensible bonding distances, and
two which shared the same nitrogen atom and were disordered
about another inversion centre. Four solvent water oxygen
atoms were assigned, with two [O(3) and O(4)] refined with
70:30 site occupancies and the other two with full occupancy.
All non-hydrogen atoms were refined anisotropically, while all
non-solvent hydrogen atoms (including the amide hydrogens)
were found and placed at calculated positions, but not refined.

Crystal parameters and details of the data collection,
solution and refinement for 1 and 5 are summarised in Table 1.
ORTEP perspectives of the complexes are presented in Fig. 2
and 3, and selected bond lengths and angles in Tables 2 and 3.

CCDC reference numbers 187746 and 187747.
See http://www.rsc.org/suppdata/dt/b2/b205749m/ for crys-
tallographic data in CIF or other electronic format.

Results and discussion

Synthesis and characterisation

The reaction of [Cu(tpa)(OH,)]** with half a molar equivalent
of K;[Fe(CN),] afforded [{(tpa)Cu(NC)},Fe(CN),]C10,-6H,O
(1) as a green powder when conducted in the presence of the
oxidising agent K,S,04. In the absence of K,S,04, a mixture of
1 and the heptanuclear complex [Fe{(CN)Cu(tpa)}¢(ClO,)s
3H,0?* was obtained. In contrast to this complex, 1 is insoluble
in water and the two products could be easily separated. In
the case of [{Cu(tren)CN},Fe(CN),]C10,-4H,0 (2), [Et,N];-
[Fe(CN),] was used instead of K;[Fe(CN)y] and the reaction
was carried out in acetonitrile to prevent the “water-assisted”
reduction of Fe™ to Fe™. [{(H,LN,),Cu(NC)},Fe(CN),]NO;-
3H,O (5) was obtained as green crystals in aqueous solution
and retained the Fe™ state whether K,S,04 was present or not.
[{Cu(tpa)NC},Cr(CN),]C10,-8H,0 (3) and [{Cu([15]aneN,)-
NC},Cr(CN),]C10,-4H,0 (4) were prepared by adding
K,[Cr(CN)g] to an aqueous solution of the in situ-generated
Cu" complex, following the reaction below.

[Cr(CN)GI™ + 2[Cu(L)(OH)I" — [{Cu(L)NC},Cr(CN),]*

This gave a blue-green powder for 3 and a blue-coloured
solution for 4, from which blue platelets were obtained on slow
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Table 1

Crystal data for [{Cu(tpa)NC},Fe(CN),]CIO,-8H,O (1) and [{(H,LN,),Cu(NC)},Fe(CN),JNO,-3H,0 (5)

Empirical formula C,,Hs,CICu,FeN,,0,, C;3He,Cu,FeN,;Of

Formula weight 1163.35 1120.04

Crystal system Trigonal Triclinic

Space group P3, (#145) PI#2)

alA 12.665(2) 9.8849(1)

bIA 12.665(2) 11.4809(1)

c/A 27.860(3) 23.8906(3)

al® 90 90.392(1)

pr 90 98.007(1)

yl° 120 107.933(1)

UIA} 3870(1) 2550.85(5)

Z 3 2

Peatdlg cm™? 1.497 1.458

Fyoo 1797 1166

ulem™ 42.69 (Cu-Ko) 11.74 (Mo-Ka)

TIK 296(2) 173(2)

Data measured 6212 41594

Unique data 3845 13921

Observed data 3183 [1> 3a(1)] 10336 [1 > 20(1)]

Residuals R,=0.044 R, =0.0525 (obs. data)
R, =0.061 WR, =0.1466 (all data)

Goodness of fit indicator 1.71 1.029

APrins Apmarde A7 —0.54, 0.56 —1.01,1.98

Fig. 2 Thermal ellipsoid diagram of the cation of [{Cu(tpa)CN},-
Fe(CN),]C10,-8H,0 (1) with labelling of selected atoms. Ellipsoids
show 30% probability levels. Hydrogen atoms have been deleted for
clarity.

Fig. 3 (a) Thermal ellipsoid diagram of the cation of [{(H,LN,),-
Cu(NC)},Fe(CN),NO;-3H,0 (5) with atom labelling. Ellipsoids show
50% probability levels. Hydrogen atoms have been deleted for clarity.
(b) Hydrogen-bonded chain of trimers which propagates in the y
direction; only amidine hydrogens are shown and hydrogen bonds are
shown as striped bonds.
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Table 2 Selected bond distances (A) and angles (°) for 1

Fe(1)-C(201) 1.902(9) Cu(1)-N(14) 2.035(7)
Fe(1)-C(301) 1.940(9) Cu(1)-N(13) 2.078(7)
Fe(1)-C(601) 1.936(9) Cu(1)-N(15) 2.021(8)
Fe(1)-C(101) 1.942(11)  Cu(2)-N(21) 1.943(8)
Fe(1)-C(501) 1.936(9) Cu(2)-N(22) 2.062(7)
Fe(1)-C(401) 1.934(9) Cu(2)-N(23) 2.115(7)
Cu(1)-N(11) 1.907(9) Cu(2)-N(24) 2.021(7)
Cu(1)-N(12) 2.084(7) Cu(2)-N(25) 2.027(7)
Fe(1)-C(301)-N(31)  177.5(8) Fe(1)-C(101)-N(11) ~ 180.0(4)
Fe(1)-C(401)-N(41)  177.3(8) Fe(1)-C(201)-N(21)  174.8(8)
Fe(1)-C(501)-N(51)  175.4(7) Cu(1)-N(11)-C(101)  171.8(8)
Fe(1)-C(601)-N(61)  178.5(7) Cu(2)-N(21)-C(201)  172.2(7)
Table 3 Selected bond distances (A) and angles (°) for 5

Fe(1)-C(1) 1.927(3) Cu(1)-N(1) 2.049(3)
Fe(1)-C(2) 1.929(3) Cu(1)-N(11) 1.975(3)
Fe(1)-C(3) 1.935(3) Cu(1)-N(13) 2.060(2)
Fe(1)-C(4) 1.940(3) Cu(1)-N(21) 2.037(3)
Fe(1)-C(5) 1.931(3) Cu(1)-N(23) 1.965(2)
Fe(1)-C(6) 1.939(3) Cu(2)-N(2) 2.241(3)
Cu(2)-N(31) 1.975(2) Cu(2)-N(41) 1.978(2)
Cu(2)-N(33) 2.014(2) Cu(2)-N(43) 2.008(2)
Fe(1)-C(3)-N(3) 178.5(3) N(1)-C(1)-Fe(1) 176.3(3)
Fe(1)-C(4)-N(4) 178.8(3) N(2)-C(2)-Fe(1) 177.7(3)
Fe(1)-C(5)-N(5) 178.6(4) Cu(1)-C(1)-N(1) 161.93)
Fe(1)-C(6)-N(6) 179.5(3) Cu(2)-C(2)-N(2) 137.2(2)

evaporation at room temperature. Microanalyses were con-
sistent with the given formulations, while electron microprobe
analysis showed the uniform presence of Fe/Cr, Cu and Cl, in
the approximate ratio 1:2:1.

For complexes 1-3 and 5, two bands were observed in the vy
stretching region. The higher frequency vcy stretching vibra-
tions, located at 2158 (1), 2148 (2), 2178 (3) and 2152 (5) cm ™!,
are assigned to the intermetallic M™C=NCu"™ bonds,
V[C=N(b)]. The other bands at 2123 (1), 2101 (2), 2129 (3) and
2120 (5) cm™" are assigned to terminal C=N stretching modes,
V[C=N(1)], since they correspond well with the terminal vy
vibrations of potassium ferricyanide (vey 2115 cm™') and
potassium hexacyanochromate (vey 2131 cm ™). In the case of
4, an intense band at 2128 cm™!, attributed to a terminal
v(C=N) mode, masks the intermetallic v(C=N). The presence of
the tpa ligand in 1 and 3 is confirmed by skeletal vibrations of
the pyridyl ring observed in the 1400-1610 cm ™' range, while in



the case of 2 and 4, N-H vibrations at 3325 and 3267 cm™! (2)
and 3234 cm™! (4) indicate the presence of the amine ligands
tren and [15]aneN,. For 5, bands from the NH and C=N groups
in H,LN, were evident.

Méssbauer spectroscopy

The Mossbauer spectra of 1 (77), 2 (293) and 5 (77 K) show
strong doublets with quadrupole splittings (AEq) of 2.29, 1.027
and 0.833 mm s, respectively. The similarity in the isomer
shifts for 1, 2 and 5 (—0.080, —0.157 and —0.060 mm s,
respectively) to those observed for K, [Fe(CN)y], (6 = 0.04 mm
s™', AEq=0.0 mm s™') and K,[Fe(CN),] (6=0.0 mm ™', AE, =
0.47 mm s~ !),** means that the iron oxidation state cannot be
assigned on this basis alone. However, the fact that the spectra
of 1, 2 and 5 display well-resolved quadrupole splitting is con-
sistent with the presence of an Fe™ cyanometallate core.

Electronic spectra

The solution UV-visible spectra of 1 and 2 exhibit bands at 420
and 426 nm, respectively, which can be ascribed to a Fe™ (t,,)
— L(CN"), symmetry-forbidden charge transfer, as found in
the spectrum of ferricyanide.* For the Cr'™ complexes 3 and 4,
the expected Cr'™ d—d transitions are masked. The spectra of
complexes 1, 2 and 3 show bands at 834, 811 and 790 nm,
respectively, which are assigned to a d—d transition in a Cu"
centre in trigonal bipyramidal (TBP) geometry.* Shoulders in
the 600-665 nm region indicate some distortion of the Cu
geometry towards square planar (SP).*** The spectrum of
the related Fe™ trinuclear Schiff-base (L) complex, [{Cu(L)-
NC},Fe(CN),](Cl10,)-2CH;0H-12H,0, shows bands at 380
and 620 nm, the latter being due to Cu™ in distorted SP
geometry.® For 4, the solution spectrum shows a band at 592
nm that is typical of a d-d transition for a SP or octahedral
Cu" complex.*

The solid-state spectra of 1, 2 and 3 are similar to the
solution spectra, apart from slight shifts and general broaden-
ing of the Cu™ d—d bands. Cu™ adopts a TBP stereochemistry in
solution and solid state. In the case of 1, the X-ray structure
confirms a distorted TBP geometry around the Cu' centres
(see below). The spectrum of complex 5 shows bands at 658 and
809 nm, in agreement with the distorted SP geometry around
the Cu" centre. The solid-state spectrum of 4 differs slightly
from the solution spectrum. A more prominent band is found at
380nm, which could be due to a metal-to-metal charge transfer;
the main Cu" d—d transition has shifts from 592 (solution) to
606 nm (solid state); and a shoulder appears at 830 nm. The
Cu" centre could be octahedral in solution and SP in the solid
state, where two bands are expected (at ~600 and 800-1100 nm),
as found for many other SP Cu™ complexes.*’

Crystal structures

The ORTEP view of [{Cu(tpa)NC},Fe(CN),]JClO,-6H,0 (1)
shown in Fig. 2, confirms that the complex cation is a discrete
linear trinuclear unit in which the two [Cu(tpa)]** moieties bind
to two axial cyanides, thereby adopting a trans orientation. The
four terminal cyanides occupy the four equatorial positions
around the iron core. As was found for discrete heptanuclear
complexes, the geometry around the Fe™ centre shows little
distortion from octahedral geometry, viz. C—Fe—C trans angles
of 178.7(8)-180.0(4)° and C-Fe-C cis angles of 84.6(3)-
95.4(4)°. The Fe—C bond distances vary between 1.902(9) and
1.942(11) A which, along with interatomic angles around the
core, are consistent with those found in other discrete (e.g. see
ref. 22 and 25) and polymeric (e.g. see ref. 10 and 14)
hexacyanoferrate(/ur) complexes. The Cu—N(cyano) distances
range from 1.907(9) to 1.943(8) A and compare well to values
reported in Fe-CN—Cu assemblies.’®?>?¢ The Cu-N-C(cyano)
angles (av. 172°) are similar to those found in other discrete

molecules,'® but different to the corresponding angles in closely
related discrete trinuclear complexes, viz. Cu—N-C(CN) is
148(av.), 144.1 and 148(av.)° in [{Cu(L)NC},Fe(CN),](ClO,)-
2CH;0H-12H,0, [{Cu(tren)NC},Fe(CN),]-12H,0 and
[{Cu(L),NC},Fe(CN),]-2CH;0H-H,0O [L = N,N'-bis(2-
pyridylimine)propane-1,3-diamine], respectively.*>*> This is
surprising given that all three complexes consist of discrete
trinuclear units with trans-oriented SP or TBP Cu™ centres
connected via a hexacyanoferrate and that the cyanide ligand
occupies an axial site in the Cu™ coordination sphere.

The Cu" geometry in 1 is distorted TBP. The t value describ-
ing the geometry around the Cu™ ions, calculated according to
Addison and co-workers,* is 0.90, for Cu(1) and 0.80, for Cu(2)
(where 7 =1.00 for TBP and 0.00 for SP). The pyridyl nitrogens
on the tpa occupy the equatorial positions and the amine
nitrogen an axial position trans to the cyano nitrogen [angle
close to linear, 178.7° in Cu(l) and 177.7° in Cu(2)]. This
characteristic is common to Fe-C=N-Cu complexes with TBP
Cu" geometry.”® In the case of the trinuclear complex [{Cu-
(tren)CN},Fe(CN),]-12H,0, the (amine)N-Cu—N(cyano) angle
(169.4°), however, shows more deviation from linearity, even
though the less bulky tren ligand would be expected to impart
less distortion than tpa. As is typical for Cu™-tpa complexes,*
the copper centres in 1 sit outside the plane formed by the
pyridyl nitrogens toward the bridging cyano group by 0.271 A
for Cu(1) and 0.262 A for Cu(2). These values are slightly lower
than those observed in the heptanuclear complex [{Cu(tpa)-
CN}Fel’*,” as might be expected given that, in this case,
greater steric interactions are anticipated between adjacent
[Cu(tpa)]** moieties and, surprisingly, the mononuclear com-
plex [Cu(tpa)CN]CIO,* shows a displacement (0.337 A) that is
greater than that in either type of heterometallic complex.

The structure of [{(H,LN,),Cu(NC)},Fe(CN),]NO;-3H,0
(5) is shown in Fig. 3. Although this compound is also tri-
nuclear, the two copper species {[Cu(H,LN,),]**} are now
coordinated to cis-disposed cyanides on the central [Fe(CN)¢]*~
moiety. Again, the [Fe(CN)s*~ core is close to regular octa-
hedral, with C-Fe-C trans angles ranging between 176.6(1) and
179.1(1)°, the C—Fe-C cis angles being 87.4(2)-92.0(1)° and the
Fe-C bond lengths lying between 1.927(3) and 1.940(3) A, con-
sistent with 1.

The sterically less favoured cis bonding of the Cu(H,LN,),**
moieties in 5 does, however, induce changes to the Cu-—
N(cyano) bonding when compared to the trans structure of 1.
The Cu—N(cyano) bonds are longer than in 1, with the bond
to Cu(2) being longer [2.241(3) A] than the corresponding
Cu-N(cyano) bond to Cu(l) [2.049(3) A]. The angle at the
cyanide nitrogen atom bonded to Cu(2) is also considerably
more distorted from linear [137.2(2)°] than is the angle at Cu(1)
[161.9(3)°].

One copper atom [Cu(1)] is in a slightly distorted TBP geom-
etry (r = 0.83) in which the bridging cyano ligand occupies an
equatorial position on the metal coordination sphere and the
chelating amidine ligands span equatorial and axial positions
[see Fig. 3(a)]. The geometry around Cu(2), however, is inter-
mediate between TBP and SP (¢ = 0.52). The H,LLN, ligands all
show chair conformations and are neutral, with all the amidine
hydrogen atoms observed in the structure solution.

The presence of hydrogen bond donor groups on the H,LN,
ligands and cyano acceptor groups leads to extensive hydrogen
bonding within the structure, details of which are given in Table
4. The intercalated water molecules and the nitrate counterions
are also involved. One H,LN, ligand on each of the copper
atoms hydrogen bonds in a bifurcated manner via its two
amidine hydrogens, each bonding to an uncoordinated cyanide
nitrogen atom of an adjoining cluster, which is translated a unit
cell length along the —y direction from the first. The N(12)—
H(12)/N(14)-H(14) amidine ligand hydrogen bonds to the N(4)
cyanide atom, while the N(32)-H(32)/N(34)-H(34) amidine
ligand hydrogen bonds to the N(3) cyanide atom. This
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Table 4 Hydrogen bonding distances (A) and angles (°) in 5

Interaction D-H H-A D-A D-H-A
N(12)-H(12)-N(4)* 0.880 2.011 2.888(4) 173.6
N(14)-H(14)-N(4)* 0.880 2.120 2.998(4) 175.7
N(32)-H(32)-N(3)* 0.880 2.037 2.914(4) 174.2
N(34)-H(34)-N(3)* 0.880 2.066 2.945(4) 177.8
N(42)-H(42)-0(1)" 0.880 2.111 2.941(4) 156.9
N(44)-H(44)-0(1)* 0.880 2.062 2.937(3) 172.7
O(1)-N(6) 2.731(4)

0(1)-0(2) 2.817(4)
0(1)-0(2)° 2.751(4)
N(22)-H(22)-0(3)" 0.880 2212 3.088(6) 173.8
N(24)-H(24)-0(3)* 0.880 1.937 2.806(6) 169.1
N(24)-H(24)-O(4)* 0.880 2227 2.90(1) 132.7
0(3)-N(5) 2.791(7)

O(4)-N(5) 2.81(1)
0(3)-0(62)° 2.45(1)
0(3)-0(63)“ 2.78(1)
0(4)-0(62)° 2.95(2)
O(4)-0(63)" 2.82(2)

“x,y+1L,z02-x1-y1—z1—-x,1—-p,1—z91—-x,1-y,
—z¢l+x,1+y,z

hydrogen bonding generates a chain of connected clusters
parallel to the y direction [Fig. 3(b)].

The other two unique H,LN, ligands also participate in
hydrogen bonding. The N(42)-H(42)/N(44)-H(44) ligand
forms a bifurcated hydrogen bond to one of the intercalated
water molecules [O(1)]. This water is also involved in a
hydrogen bonding interaction to the N6 cyanide atom of an
adjoining cluster, as well as forming part of a O(1),0(2),
hydrogen-bonded rhombus which is disposed about a center of
symmetry. This (H,0), rhombus thus connects four separate
clusters—each of the two O(1) water molecules accepts a bi-
furcated hydrogen bond from an H,LN, ligand of one cluster
and makes a hydrogen bond to a cyanide of another cluster.

The remaining H,LN, ligand [N(22)-H(22)/N(24)-H(24)]
hydrogen bonds in a bifurcated manner to the partially occupied
O(3) water, while the O(4) water, also partially occupied, only
hydrogen bonds to the N(24)-H(24) moiety. These two partially
occupied water positions are also both within hydrogen bond-
ing distance of the N(5) cyanide atom of a separate cluster,
as well as the two nitrate anions disordered about the N(61)
atom. Thus, all amidine ligands participate in bifurcated
hydrogen bonds, and all non-bridging cyano nitrogens accept
hydrogen bonds. All the intercalated water molecules are
also hydrogen bonding, while only two of the four positions of
the disordered nitrate anion are within hydrogen bonding
distance to likely donor groups.

Magnetic properties

The room temperature value of y7 for 1 is 1.403 cm® K mol™!
which, due to spin-orbit effects, is higher than the spin-only
value of 1.125 cm® K mol™! expected for a magnetically dilute
spin system (Scy, Sges Scu) = & 3 1), calculated assuming g =
2.00. As the temperature is decreased, the magnetic behaviour is
Curie-like until about 90 K (Fig. 4). Below this temperature, y T’
increases steadily, reaching a maximum of 1.863 cm*® K mol ™' at
5.0 K, in accordance with a weakly ferromagnetically coupled
trinuclear system consisting of one low spin Fe™ (S = })
and two Cu™ (S = 1) ions. The ability of the Cu™-N=C-Fe™
bridging unit to mediate ferromagnetic interactions can be
rationalised in terms of the strict orthogonality of the magnetic
orbitals of the Fe™ [(t,,)°] and Cu" [(e,)*] centres, an arrange-
ment which normally gives rise to ferromagnetic coupling.”*
The magnetic susceptibility data are reproduced well by using
the exchange spin Hamiltonian (eqn. 1) for a discrete trinuclear

H=-2J 12 (SCu(l)SFe + SCu(Z)SFe) -2J IS(SCu(l)SCu(Z)) (1)
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Fig. 4 Plot of yT vs. T for [{(tpa)Cu(NC)},Fe(CN),]ClO,-6H,0 (1),
in a field of 1 T. The solid line was calculated using eqn. 1 and the
parameter values are given in the text.

structure of {Cu"-Fe™-Cu"}, in which we assume a {S = 1}
{S=4-{S =1} spin system.

Spin—orbit and ligand-field effects for Fe'' are not treated
explicitly as was done by Gupta et al>' for a related ferro-
magnetically coupled linear trinuclear complex, [{Cu™(im)},-
Fe™(TPP)|B,,CH,,-5THF. The present g values for the Fe™
and Cu" centres are assumed equal and their values reflect
spin—orbit effects on the metal centres. The best fit parameters
are g = 2.16, J,, =43 cm™!, and J;; = —0.18 cm™! based on
a symmetric linear trinuclear structure, assuming that the
interaction between Cu™ centres is weak (J;; << J},).

In the case of 2, for which we do not have a crystal structure,
the T value of 1.585 cm® K mol ™" at 290 K is higher than the
expected spin-only value of 1.125 cm® K mol™! (see above). As
the temperature is decreased, the T value decreases slowly to a
value of 1.506 cm® K mol™' at about 140 K (Fig. 5). As the
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Fig. 5 Plots of y7 vs. T and 1/y vs. T for [{Cu(tren)CN},Fe(CN),]-
ClO44H,0 (2),inafield of 1 T.

temperature is decreased further, the magnetic moment reaches
a broad minimum at ca. 100 K, then shows a steady increase to
a maximum of 1.806 cm*® K mol ™" at 8.0 K. Below this temper-
ature, ¥ T “turns over” and rapidly falls to a minimum value of
1.256 cm® K mol ™' at 2.0 K. As is the case for 1, the magnetic
behaviour between 8.0-90 K, is consistent with a ferromagnetic-
ally coupled trinuclear species with one low spin Fe™ (S = 1)
and two Cu™ (S = 1) ions. In this temperature range, the
magnetic susceptibility obeys the Curie—Weiss law, with a Weiss
constant of § = +2.3 K. In contrast to 1, however, the suscepti-
bility behaviour above ~140 K for 2 yields a Weiss constant of
0= —16.7 K. A negative 0 value could originate from spin—orbit
effects on Fe™ or result from inter-complex ferrimagnetic
chain-like interactions, which characteristically yield broad
minima in y7.” Interestingly, a broad minimum in 7 was also
evident at ~130K in the imidazolate-bridged Cu,-Fe por-
phyrin® and not simulated, even when {Fe™, t,,°} ligand field/



spin—orbit and second order Zeeman (Fe™ and 2Cu") correc-
tions were made to the observed y values. The low temperature
(<8 K) decrease in yT'in that case was ascribed to inter complex
(Cu—Cu) interactions noted in the chain-like structure. Such
could be the case here. Zero-field splitting of the S = 3/2 ground
state could also be responsible for the sharp decrease in u at
lower temperatures. At a molecular level, the linearity or non-
linearity of the Cu™-Fe™Cu™ linkage (linear in 1 and bent for
the Fe™ analogue of 2%° and a Schiff-base complex *?) will influ-
ence the superexchange mechanism and the resultant sign of J.
The yT vs. T data for 2 could not be simulated using eqn. 1,
whatever the combination of Jy,, Jy;, y(TIP) or (T — 0) was
employed, 0 allowing for the inter-complex coupling and giving
the decrease in y T at very low temperatures.

The T vs. T data for the cis-CN-bridged complex (5) were
identical for two separate samples (Fig. 6). They show essen-
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Fig. 6 Plot of yT vs. T for [{(H,LN,),Cu(NC)},Fe(CN),]NO;-3H,0
(5), in a field of 1 T. The solid line was calculated using eqn. 1 and the
parameter values are given in the text.

tially Curie-like susceptibility behaviour in which the corre-
sponding T (per molecule) values change only slightly from
1.585 cm?® K mol ! at 300 K to 1.532 cm® K mol ™! at ~40 K,
before rising gently to a maximum of 1.576 cm® K mol ™' at 12.5
K. A sharper decrease then occurs, reaching 1.462 cm® K mol™!
at 4.2 K. The data are broadly similar to those of 1 and the
imidazolate-bridged Cu,~Fe porphyrin,® but with a less steep
rise in y T occurring at low temperature. A reasonable fit of the
complete data was obtained using the parameter values g =
2.31,J,=+195cm ™!, J;; = —2.1 cm ™!, TIP(total) = 220 x 10~¢
cm®mol ! and 6=0.02 K. The J,, (CuFe) and J,; (CuCu) values
are equal, opposite in sign and small. It is likely that the nega-
tive Jy; value is larger than in 1 because of the cis disposition of
the Cu—NC-Fe-CN-Cu bridges and the influence that this has
on magnetic orbital overlap involving Fe (t),) and Cu (e,)
orbitals via the cyanide p-orbitals. The bent Cu-N-C angles,
around Cu(1l) and Cu(2), combined with the different coordin-
ation geometries of the Cu centres (vide infra), might play a part
in the overall weakly coupled behaviour.

For 3, the yT value at room temperature of 2.443 cm?®
K mol ! is slightly lower than the spin-only value of 2.623 cm®
K mol ™! expected for a magnetically dilute spin system [2(S¢,),
Sc] = & 3. In Fig. 7, it can be seen that as the temperature is
decreased, there is a steady increase in 7 until a maximum of
4.020 cm® K mol ™" is reached at 16.2 K. This value correlates
quite well to the expected spin-only value of 4.377 cm*® K mol !
for a fully ferromagnetically coupled trinuclear system with one
Cr'™jon (S =4, g =2.00) and two Cu" ions (S =1, g =2.00). On
further lowering of the temperature, the y7 values “turn over”,
decreasing to a final value of 3.714 cm® K mol™' at 4.5 K,
probably due to zero-field splitting of the S = 5/2 ground state
and thermal depopulation of closely spaced Zeeman (My)
levels. The magnetic behaviour above 16 K suggests an

intramolecular ferromagnetic interaction between the Cr™ and
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Fig. 7 Plots of yT vs. T and 1/y vs. T for [{Cu(tpa)NC},Cr(CN),]-
ClO,-8H,0 (3), in a field of I T.

surrounding Cu" ions, mediated through the cyanide bridge. In
accordance with this, the magnetic susceptibility obeys the
Curie—Weiss law, with a positive Weiss constant of = +19.7 K.
As in complexes 1 and 2, the ferromagnetic interaction can be
rationalised in terms of the strict orthogonality of the magnetic
orbitals of the Cr'™ [(t,,)*] and Cu™ [(e,)*] ions.

Attempts were made to analyse the magnetic susceptibility
data using the spin Hamiltonian (eqn. 1) for a discrete tri-
nuclear {Cu"™-Cr™-Cu"} structure with an {S = 1}-{S = 3}
{S' =1} spin system.

The fits obtained thus far are poor and not shown in Fig. 7.
The fact that 7 at 300 K is lower than the spin-only (non-
coupled) value suggests that some contaminating species may
be present.

For 4, the yT value at 290 K of 2.941 cm® K mol ™! is slightly
higher than the spin-only value of 2.623 cm® K mol™! expected
for a magnetically dilute (Sc,, Scr. Sco) = G, 2, 1) spin system.
As the temperature is decreased, there is a slow and steady
increase in yT to 50 K, and then a more rapid increase below
this temperature, until a maximum of 3.714 cm® K mol™! is
reached at 6 K. The 7 value at this temperature is lower than
expected (4.377 cm® K mol™") for a fully ferromagnetically
coupled trinuclear system. When the temperature is lowered
further, the ¥ T values begin to decrease a little, again probably
due to Zeeman level depopulation effects combined with zero-
field splitting effects, as in 3. Above 6 K, an intramolecular
ferromagnetic interaction between the Cr™ and surrounding
Cu" ions is mediated through the cyanide bridges. In this
region, the magnetic susceptibility obeys the Curie—Weiss law,
with a positive Weiss constant (6 = +2.4 K). As can be seen in
Fig. 8, the magnetic susceptibility data for 4 are reproduced well
by using the spin Hamiltonian (eqn. 1) for a discrete trinuclear
{8 =48-S =3-{S =1} spin system. The best-fit parameters
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Fig. 8 Plot of yT vs. T for [{Cu([15]aneN,)NC},Cr(CN),]Cl1O,-4H,0
(4), in a field of 1 T. The solid line was calculated using eqn. 1 and the
parameter values are given in the text.
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are g =21, Jeuee = 1.31 em ™, Joyey = 0 cm ™! and TIP = 100 x
107¢ cm® mol™! per molecule. The agreement is good, except
that the maximum in y7 is not reproduced by this simple
model, which does not include ZFS terms. The J value confirms
an intramolecular ferromagnetic coupling between the Cu™ and
Cr'™ centres.
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