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Three tricyanometalate precursors, (BuyN)[(PhTp)Fe(CN);]-
H,O (1), (BuyN)[(MeTp)Fe(CN)3] (2), and (BuyN)[(iBuTp)-
Fe(CN)3] (3) [BuyN* = tetrabutylammonium cation; PhTp =
tris(pyrazolyl)phenylborate; MeTp = methyltris(pyrazolyl)-
borate; iBuTp = 2-methylpropyltris(pyrazolyl)borate], were
successfully synthesized. By using 1-3 as building blocks,
four rectangular clusters, [(PhTp)Fe(CN);Cu(bpy)(H,0)-
(C104)]2-2H,0O (4; bpy = 2,2'-bipyridine), [(PhTp)Fe(CN);Ni-
(tren)]5(ClOy), [5; tren = tris(2-amino)ethylamine], [(MeTp)-
Fe(CN);3Ni(tren)],(ClO4),-2H,0O (6), and [(iBuTp)Fe(CN);Ni-
(tren)]2(ClOy4),2H,0-2CH30H (7), were prepared in parallel
and structurally characterized. All clusters show similar
square structures, where Fe! and MY (M = Cu!! or Ni') ions
are alternatively located on the rectangle corners. The cyclic

voltammograms of Fe',Nill, clusters 5-7 reveal two quasi-
reversible iron-centered reduction processes and two quasi-
reversible nickel-centered oxidation processes. Magnetic
studies show intramolecular ferromagnetic coupling and ap-
preciable magnetic anisotropy in clusters 4-7. Complexes 5—
7 show obvious frequency dependence in the alternating cur-
rent magnetic susceptibility data, which indicates single-
molecule magnet behavior with preexponential factors of 7,
=4.5%x10%s (5), 6.1 X10°8s (6), and 5.0X 1085 (7) and the
effective spin-reversal barriers of Ug; = 17.5 K (5), 20.6 K (6),
and 20.8 K (7).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Research on single-molecule magnets (SMMs) has at-
tracted increasing interest in the field of molecular magnet-
ism.l'2l Below the blocking temperature, these kinds of
molecules exhibit slow relaxation of the magnetization in-
duced by the combined effect of a high-spin ground state
(S) and a negative uniaxial anisotropy (D <0), which gener-
ates an energy barrier (U) between spin-up and spin-down
states with upper limits given by |D|S? or |D|(S>-1/4) for
integer and half-integer spins, respectively. This bistability
makes them potentially applicable in high-density data stor-
age and quantum computing.’! Recently, considerable ef-
fort has been devoted to metal-cyanide compounds as fas-
cinating candidates for the preparation of high-spin aniso-
tropic clusters,?>*171 and some of them behave as
SMMs.['4171 With use of cyanide as a bridging ligand, the
topological structures and the nature of the magnetic ex-
change interactions (ferromagnetic or antiferromagnetic) in
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the resulting cluster may be controlled and predicted to
some extent.[*!81 One effective approach to synthesize cy-
ano-bridged SMMs refers to employment of modified cya-
nometalates [M(L),(CN),]*"~ (L = Mestacn, Tp, bipy,
etc.) as building blocks toward fully solvated transition-
metal ions or coordinatively unsaturated metal complex-
es.l?15-17] Here, organic blocking ligands can be utilized to
direct the assembly of specific structures, wherein variation
of the metal ions can provide adjustability to both spin state
and magnetic anisotropy.

Very recently, those precursors related with tris(pyraz-
olyl)borate iron(IIl) tricyanide have been widely investi-
gated.8-1216.17.191 The Jow-spin Fe ion in these precursors
possesses unquenched first-order orbital angular momenta,
which gives rise to significant single-ion magnetic aniso-
tropy.?! In our previous work, with the building block
[(Tp)Fe[(CN);]~ [Tp = tris(pyrazolyl)hydroborate], a series
of cyano-bridged heterobimetallic complexes were prepared
with different magnetic properties from ferromagnetism
and metamagnetism to single-molecule magnetism, single-
chain magnetism, and spin-glass behavior.”:!¢:11 It is be-
lieved that the main anisotropy resource lies on the orbit
contribution of the Fel' centers. We also observed that
intermolecular interaction generally has some negative im-
pact on SMM or single-chain magnet (SCM) behavior. The
enhancement in the steric effect by introducing steric
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groups on B atoms in Tp is one of possible approaches to
decrease the intermolecular interaction, and this imposes
no influence on the construction of the multinuclear clus-
ters. With this strategy in mind, we synthesized three new
building blocks, (BuyN)[(L)Fe(CN);]-nH,O [BuyN* = tetra-
butylammonium cation; L = tris(pyrazolyl)phenylborate
(PhTp), n = 1, 1; L = methyltris(pyrazolyl)borate (MeTp),

Table 1. Selected bond lengths [A] and angles [°] for complexes 1-3.

n =0, 2; L = 2-methylpropyltris(pyrazolyl)borate (iBuTp),
n = 0, 3]. Their reaction with some partially blocked salts
afforded four heterobimetallic rectangular clusters, [(PhTp)-
Fe(CN);Cu(bpy)(H,O0)(ClO4)]>2H,0 (4; bpy = 2,2-bipyr-
idine), [(PhTp)Fe(CN)3;Ni(tren)],(ClOy), [5; tren = tris(2-
amino)ethylamine], [(MeTp)Fe(CN)3Ni(tren)],(ClOy),*
2H,O (6), and [(iBuTp)Fe(CN);Ni(tren)]»(Cl0y),-2H,0-

1

Fel-Cl 1.914(7) Fel-C2 1.912(7) Fel-C3 1.901(6) Fel-N4 1.947(4)
Fel-N6 1.987(4) Fel-N8 1.966(4) CI-N1 1.154(7) C2-N2 1.149(7)
C2-Fel-C1 88.6(3) C3-Fel-Cl1 88.9(2) C3-Fel-C2 88.6(2) N4-Fel-N6 86.93(18)
N4-Fel-N8 87.14(18) N8-Fel-N6 88.36(18) N1-Cl-Fel 177.4(6) N2-C2-Fel 177.7(6)
N3-C3-Fel 179.1(5)

2

Fel-C1 1.909(5) Fel-C2 1.913(6) Fel-C3 1.915(5) Fel-N4 1.980(4)
Fel-N6 1.970(4) Fel-N8 1.958(4) CI-N1 1.154(5) C2-N2 1.159(6)
C2-Fel-C1 89.0(2) C3-Fel-Cl 89.55(19) C3-Fel-C2 85.8(2) N4-Fel-N6 87.16(16)
N4-Fel-N8 88.30(18) N8-Fel-N6 87.64(18) N1-Cl-Fel 178.2(4) N2-C2-Fel 175.8(5)
N3-C3-Fel 177.7(5)

3

Fel-C1 1.929(3) Fel-C2 1.928(3) Fel-C3 1.920(3) Fel-N4 1.9702(18)
Fel-N6 1.9750(19) Fel-N8 1.965(2) CI-N1 1.141(3) C2-N2 1.142(3)
C2-Fel-C1 88.98(10) C3-Fel-Cl 89.77(10) C3-Fel-C2 86.18(11) N4-Fel-N6 87.26(8)
N4-Fel-N8 87.77(8) N8-Fel-N6 88.24(8) N1-Cl-Fel 176.3(3) N2-C2-Fel 179.4(3)
N3-C3-Fel 174.9(2)

Table 2. Selected bond lengths [A] and angles [°] for complexes 4-7.

4

Fel-Cl16 1.919(5) Fel-C17 1.931(5) Fel-C18M 1.921(4) Fel-N5 1.948(3)
Fel-N1 1.961(3) Fel-N3 1.969(3) Cul-N9 1.948(4) Cul-N8 1.956(4)
Cul-N10 1.997(4) Cul-N11 2.016(4) Cul-Ol 2.370(3) Cul-03 2.391(3)
C18l-Fel-C17  86.75(17) N9-Cul-N8 92.18(15) N8-Cl17-Fel 176.6(4) N9-Cl18-Fell@ 177.8(4)
C17-N8-Cul 174.8(4) CI8-N9-Cul  176.6(4) N10-Cul-N11 80.05(16) N9-Cul-N10  170.99(16)
01-Cul-03 169.63(10) N9-Cul-Ol1 94.41(14) N9-Cul-03 93.83(13)

5

Fel-Cl 1.925(5) Fel-C2 1.923(5) Fel-C3 1.914(5) Fel-N5 1.948(3)
Fel-N7 1.966(4) Fel-N9 1.968(4) Nil-N2 2.053(4) Nil-N3 2.098(4)
Nil-N10 2.080(4) Nil-N12 2.079(3) Nil-N11 2.099(4) Nil-N13 2.116(4)
C3-Fel-C2 89.98(18) N2-Nil-N3 89.29(15) N2PLC2-Fel  173.6(4) N3-C3-Fel 177.8(4)
N1-Cl-Fel 177.7(4) C2-N2-Nil 160.3(4) C3-N3-Nil 173.0(4) N3-Nil-N10  95.49(16)
N3-Nil-N12 177.80(16) N3-Nil-NI11  88.05(16) NI11-Nil-N13 163.23(18)

6

Fel-C1 1.913(10) Fel-C2 1.938(9) Fel-C3 1.894(9) Fel-N5 1.964(7)
Fel-N7 1.917(8) Fel-N9 1.958(7) Nil-N2kl 2.040(7) Nil-N3 2.108(8)
Nil-N10 2.059(8) Nil-N12 2.086(7) Nil-N11 2.102(8) Nil-N13 2.102(8)
C3-Fel-C2 86.7(4) N2E€LNil-N3  92.03) N2-C2-Fel 177.0(9) N3-C3-Fel 178.5(9)
N1-Cl-Fel 177.2(9) C2-N2-Nil¢ 161.6(8) C3-N3-Nil 177.2(8) N3-Nil-N10  95.3(3)
N3-Nil-N12 178.1(3) N3-Nil-N11  85.4(3) NI11-Nil-N13 162.5(3)

7

Fel-C1 1.939(4) Fel-C2 1.929(4) Fel-C3 1.924(4) Fel-N5 1.976(3)
Fel-N7 1.945(3) Fel-N9 1.960(3) Nil-N2Wl 2.042(3) Nil-N3 2.127(4)
Nil-N10 2.085(3) Nil-N12 2.090(4) Nil-N11 2.109(3) Nil-N13 2.108(3)
C3-Fel-C2 88.10(17) N2MLNi1-N3  89.92(14) N2 -C2-Fel 174.8(4) N3-C3-Fel 177.7(4)
NI1-Cl-Fel 178.0(4) C2-N2-Nilldl  164.7(4) C3-N3-Nil 175.2(4) N3-Nil-N10  94.54(14)
N3-Nil-N12 177.42(14) N3-Nil-NI1  86.17(15) NI11-Nil-N13  163.59(15)

[a] x+2,-y,—z+1.[b] x+1,-p,—=z[c]x+1,-y,—z+1.[d-—x+1,-y+2 —=z+1.
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2CH;0H (7). Herein, we describe the preparation, struc-
ture, and electrochemical and magnetic properties of com-
plexes 1-7.

Results and Discussions

Syntheses and Spectroscopic Studies

In this paper, PhTp {[PhB(pz);] "} was synthesized from
PhBCl, and Hpz at room temperature, whereas the reaction
for MeTp {[MeB(pz);] } and iBuTp {[iBuB(pz);] } required
elevated temperatures. Fe(PhTp),, Fe(MeTp),, and Fe-
(iBuTp), were isolated as purple solids from the reaction of
the relevant tris(pyrazolyl)borates with FeSO, in deoxy-
genated water. After reaction with KCN and oxidation by
H,0,, the tricyanometalate precursors [(PhTp)Fe(CN)s]
(1), [(MeTp)Fe(CN);]™ (2), and [(iBuTp)Fe(CN)s] (3) were
prepared in good yield. Complexes 1-3 are soluble in most
organic solvents such as methanol, acetonitrile, chloro-
form, and N,N-dimethylformamide. The C=N stretching
frequencies are located at 2119 cm™' for 1, 2120 cm™!
for 2, and 2117 cm 'for 3, which are comparable to those
reported in poly(pyrazolyl)borate iron(III) tricyanides
[PPh,J(Tp)Fe(CN)s] (2121 cm )83l [Et,N][(Tp*)Fe-
(CN);]  QI119ecm™H),17a  and  [EtyN][(pzTp)Fe(CN);]
(2120 cm™1).[17¢]

The incorporation of 1-3 into coordinatively unsaturated
metal complexes [Ni(tren)(sol),]** or [Cu(bpy)(sol); 4]** in
methanol (or methanol/water) yielded rectangular clusters
4-7. The bulky coligand (tren or bpy) here precludes the
formation of extended arrays. In the IR spectra, two C=N
stretching vibrations are observed (2133 and 2182 cm™! for
4, 2126 and 2154 cm ! for 5, 2118 and 2156 cm ™! for 6, and
2120 and 2154 cm ! for 7), which is consistent with the pres-
ence of bridging and terminal cyanide ligands.

Crystal Structures

Selected bond lengths and angles for complexes 1-7 are
listed in Tables 1 and 2. In the tricyanometalate anions of
1-3, three cyanide ligands in a fac arrangement and the
tridentate N-donor ligand (PhTp, MeTp, or iBuTp) form a
distorted octahedral environment around the iron(II) ion
(Figure 1). The Fe-C bond lengths in 3 [1.920(3)-
1.929(3) A] are slightly longer than those in 1 [1.901(6)—
1.914(7) A] and 2 [1.909(5)-1.915(5) A], and all of them are
in good agreement with those in low-spin iron(III) tricyan-
ide complexes.5-164-17a] The relevant Fe-N bond lengths
and the C-Fe-C and N-Fe-N bond angles are similar for
the three tricyanometalate anions (Table 1). The Fe-C=N
angles fall in the range 177.4(6)-179.1(5)° for 1, 175.8(5)—
178.2(4)° for 2, and 174.9(2)-179.4(3)° for 3, respectively.
The shortest intermolecular Fe-Fe separations are 7.805 A
for 1, 7.659 A for 2, and 7.883 A for 3.

The structures of complexes 4-7 consist of rectangular
units, where Fe''' and M ions (Cu" for 4, Ni'! for 5-7) are
located at alternating corners of the rectangle and linked
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Figure 1. Molecular structures of the anions of complexes 1 (a), 2
(b), and 3 (c). Hydrogen atoms are omitted for clarity (ORTEP,
30% ellipsoids).

through cyanide bridges. Among various structures and
topologies constructed through the cyanide bridges, rectan-
gular clusters are quite simple examples of SMMs, as slow
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relaxation of magnetization was observed in several tetranu-
clear cyano-bridged clusters,1°17217d] and they may pro-
vide the possibility to study their magnetostructure corre-
lation. In complexes 4-7, each M ion is linked to two [(L)-
Fe(CN);s] (L = PhTp for 4-5, MeTp for 6, and iBuTp for
7) units at the cis positions, whereas each octahedral [(L)-
Fe(CN);] unit uses its two cyanide units to connect two
M ions, which leaves the third cyanide group free. The
bond lengths and angles in the [(L)Fe(CN);] units in the
four compounds are in good agreement with those in the
relevant precursors 1-3 (Tables 1 and 2).

In complex 4, the copper atom is six-coordinate as an
elongated distorted octahedron of CulN4O, (Figure 2). The
equatorial plane is formed by two nitrogen atoms from two
cyanide groups and two nitrogen atoms from a bpy ligand;
the average length of the Cu-Ngy,n, bond [1.952(4) A] is
slightly shorter than the Cu—Ny,, bond length [2.006(9) Al
The apical positions are occupied by one oxygen atom (O1)
of one water molecule and one oxygen atom (O3) of a
ClO, anion; the Cu—O bond lengths are 2.370(3) A (Cul—
01) and 2.391(3) A (Cul-03). These two labile sites pro-
vide the possibility to design larger clusters or polymers
with 4 as the precursor. The cyanide bridges connecting the
metal centers in 4 are quite close to linearity, and the Fe—
C=N and Cu-N=C angles vary from 174.8(4) to 177.8(4)°.
The intramolecular Fe--Cu distances are 5.003 and

5.014 A, and the Fe-Fe and Cu-+Cu separations are 7.217
and 6.946 A, respectively. The shortest intermolecular
Cu-++Cu, Cu--Fe, and Fe---Fe distance are 8.230, 7.679, and
9.810 A, respectively.

Figure 2. Structure of the rectangular cluster [(PhTp)Fe(CN)s-
Cu(bpy)(H,0)(ClO,)], in complex 4. Hydrogen atoms are omitted
for clarity (ORTEP, 30% ellipsoids).

Complexes 5-7 are structurally similar to the [(Tp),(tren),-
Ni,Fe,(CN)g]** cluster reported earlier.'®! Complexes 5
and 6 crystallize in the triclinic P1 space group, whereas 7
crystallizes in the monoclinic P2,/c space group (Figure 3;
Supporting Information, Figures S1 and S2). In all three
rectangular clusters, the nickel atom has a distorted octahe-
dron coordination geometry constructed by four nitrogen
atoms from the tren ligand and two nitrogen atoms from

720 www.eurjic.org
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two cyanide bridges. The Ni-Ny,., bond lengths are distrib-
ute in the range 2.059(8)-2.116(4) A, whereas the Ni—Neyano
bond lengths are 2.053(4) and 2.098(4) A for 5, 2.040(7) and
2.108(8) A for 6, and 2.042(3) and 2.127(4) A for 7. The
Ni-N=C angles [160.3(4)-173.0(4)° for 5, 161.6(8)-
177.2(8)° for 6, and 164.7(4)-175.2(4)° for 7] deviate some-
what from strict linearity. The differences in the Ni-N=C
angles and Ni—Ncy,n, bond lengths introduce much struc-
tural distortion, which results in inequivalent edge lengths
of the rectangle in each complex (5.016 and 5.157 A in 5,
5.047 and 5.153 A in 6, and 5.047 and 5.189 A in 7). In
6, there are weak intermolecular m—m stacking interactions
between the adjacent pyrazolyl rings (N4, N5, C4, C5, C6)
with a separation of 3.736 A, which leads to a 1D chain-
like structure along the ab direction. The chains are further
connected through intermolecular hydrogen bonds (N12-
HI2A-~N1 3.298 A, N11-HI1A-~N1 3.264 A, and C4-
H4-+N1 3.537 A) to form 2D structures (Supporting Infor-
mation, Figure S3). However, in 5 and 7 the increasing ste-
ric effect around the B atom destroys the intermolecular m—
n stacking interactions, and the adjacent clusters are only
connected through weak hydrogen bonds (N12-H12B-+*N1
3211 A, NI3-HI3A~N1 3.263A, and C6-H6--N1
3.358 A for 5 and N12-H12B-+N1 3.166 A, N13-H13C--
N1 3.306 A, and C6-H6+N1 3.567 A for 7) to form 1D
chain-like structures along the @ direction (Supporting In-
formation, Figures S4 and S5). The shortest intermolecular
Ni--*Ni, Ni---Fe, and Fe---Fe distance are 8.706, 6.450, and
8.208 A for 5; 8.848, 6.441, and 7.406 A for 6; and 8.659,
6.374, and 7.566 A for 7, respectively.

Figure 3. Structure of the rectangular cluster [(iBuTp)Fe(CN);-
Ni(tren)],>* in complex 7. Hydrogen atoms are omitted for clarity
(ORTEP, 30% ellipsoids).

Electrochemistry

The electrochemical behavior of mononuclear complexes
1-3 and tetranuclear rectangular clusters 5-7 was deter-
mined by cyclic voltammetry (CV), and the results are sum-
marized in Table 3 and Figures 4 and 5. One quasireversible
one-electron redox couple was observed at E;», = -0.76 V
(AE, = 84mV) for 1, -0.80 V (AE, = 90 mV) for 2, and
-0.82 V (AE, = 108 mV) for 3 vs. Fc/Fc*, which is assigned

Eur. J. Inorg. Chem. 2008, 717-727
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to the Fe>*/Fe3* process (Figure 4). The observed tendency
of  Eyp([(Ph)Fe(CN)s]) > Ey([(MeTp)Fe(CN)3]) > Eyjp-
[((BuTp)Fe(CN);]") can be rationalized from the electron
effect from the organic groups on the B atoms, that is, the
stronger donor property of the isobutyl group enriches the
electron density but the acceptor property of the phenyl
group results in a lower electron density on the Fe3* ion.

Table 3. Cyclic voltammetry data for complexes 1-3 and 5-7.14

Complex  E,, / VIl E [V Eyp ! VI AE, [ VI
1 -0.716 -0.800 -0.76 0.084
2 -0.756 -0.846 -0.80 0.090
3 -0.762 -0.870 -0.82 0.108
5 -0.281 -0.391 -0.34 0.11
-0.122 -0.270 -0.20 0.148
0.952 0.867 0.91 0.085
1.226 1.117 1.17 0.109
6 -0.273 -0.374 -0.32 0.101
-0.095 -0.266 -0.18 0.171
0.940 0.840 0.89 0.1
1.188 1.112 1.15 0.072
7 -0.309 -0.409 -0.36 0.1
-0.135 -0.299 -0.22 0.164
0.943 0.852 0.90 0.091
1.218 1.117 1.17 0.101

[a] Volts vs. Fc/Fc*, a glassy carbon working electrode, CH3CN
containing 0.1 M BuyNCIO,, scan rate of 0.1 Vs!, 25°C. [b] E,, =
oxidative peak potential. [c] E,. = reductive peak potential. [d]
E1/2 = (Epc + Epa)/z- [e] AE'p = Epa - Epc-

-1.2 -1.0 -0.8 -0.6 -0.4
E IV vs.FclFc"

Figure 4. Cyclic voltammograms of complexes 1-3 in CH;CN at a
scan rate of 0.1 Vs!.

As shown in Figure 5, the CV of complex 5 (abbreviated
as [Fe',Ni,]?*) exhibits four quasireversible waves at
-0.34, —0.20, 0.91, and 1.17 V vs. Fc¢/Fc*, which are tenta-
tively assigned to four processes:

[Fel]2Ni]]2]\:\[FeIIIFeIINiIIZ]+\:\[FeIIIZNiIIZ]2+\:\[F61112Ni1112]4+\:\
[FCIIIZNiIIINiIV]5+
Similarly, complexes 6 and 7 also show two quasirevers-
ible iron-centered reduction processes and two quasirevers-
ible nickel-centered oxidation processes. These redox poten-
tials can also be compared to those in the complexes con-
taining Fe3* and Ni?" ions.2!l The Fe?*/Fe** redox waves
of complexes 5-7 (-0.36 to —0.18 V) are less negative than
that of the same reduction process for their precursors 1-3
(-0.78 to —0.82 V), which could be attributed to the higher
molecular charge, as well as the lower electron density on
the Fe3* ion in 5-7.1°21 The mixed valence species with grid
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-1.0 -05 0.0 0.5 1.0 15
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Figure 5. Cyclic voltammograms of complexes 5-7 in CH;CN at a
scan rate of 0.1 Vs,

structure [Fe™Fe™Ni',]* is perhaps an interesting precur-
sor for further studies in molecular electronics, such as
quantum dot cellular automata.l>!

Magnetic Properties

Magnetic measurements were performed on polycrystal-
line samples of complexes 1-7. The magnetic properties of
complexes 1-3 are shown in Figure S6 (Supporting Infor-
mation). The values of y\7 at 300 K are 0.616 for 1, 0.651
for 2, and 0.634 emu K mol ! for 3, and they decrease slowly
as the temperature decreases. This behavior is expected for
a distorted low-spin octahedral iron(IIl) system with spin-
orbit coupling of the >75, ground term.**! Below ca. 10 K,
amT decrease smoothly and reaches the minimum values of
0.234 for 1, 0.351 for 2, and 0.126 emuKmol! for 3 at
1.8 K, which can be ascribed to the intermolecular antifer-
romagnetic interactions.

The temperature dependence of susceptibility for com-
plex 4 was measured in the temperature range of 1.8-300 K.
As shown in Figure 6, the y,,7 value at room temperature
is 2.07 emuKmol !, and it goes up in a mild way in the
temperature range 45-300 K, followed by a sharp increase
to 4.55emuKmol! at 1.8 K, which suggests that there is
ferromagnetic coupling between the Fe'' and Cu'! ions; this
is further confirmed by the nearly saturated magnetization
value of 3.78 Nfmol ! under the 7 T magnetic field at 1.8 K
(Supporting Information, Figure S7). On the basis of the
structure, the Hamiltonian of 4 can be described as: H =
“2J[Ske1(Scur + Scua) + Skea(Scur + Scur)], which includes
only nearest-neighbor exchange and the Van Vleck expres-
sion can be written as Equation (1).

_2Ng2ﬁ2 2+e—2J/kT+582.//kT

kT 7+L‘74‘//kT+3(372J/kT +562J/k7' (1)

M

The best fit between 16 and 300 K gives: g = 2.308 and
J = +8.90 Cm71 with R = 2[()fMT)calcd - (XM’T)obs]Z/
S[OrmT)?obs] = 1.5 1073, which indicates the existence of
ferromagnetic interaction.

www.eurjic.org 721



FULL PAPER

C.-F. Wang, W. Liu, Y. Song, X.-H. Zhou, J.-L. Zuo, X.-Z. You

o
()]
T

3.6}
= 3.3

>
=)
—

o 3.0t

00~

7,T/ emu K mol”
w
(4]
T

3.0 241

25 _ 1‘0 2.0 3‘0 46
HIT (kOe /K)

20+ SRR

1 " 1 L 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300
T/IK

Figure 6. Temperature dependence of yy T for complex 4 recorded
under a 2 kOe field. Inset: Reduced magnetization data for 4 at low
temperatures. Solid lines represent fits to the data.

The field dependence of the magnetization for 4 at tem-
peratures between 1.8 and 10 K is shown as the M vs. H/T
plots in the inset of Figure 6. The nonsuperposition of the
isofield lines indicates the presence of significant zero-field
splitting. With the spin ground state S = 2, fits of the mag-
netization data with ANISOFIT® afford D = —4.80 cm™
with g = 2.55. The AC susceptibility studies carried out in
the 1.8-10 K range in a 5 Oe oscillating field with fre-
quencies up to 1488 Hz for 4 showed no evidence for mag-
netic ordering or slow paramagnetic relaxation.

The temperature dependence of susceptibility under
2 kOe for complexes 5-7 is displayed in Figure 7. Upon
lowering the temperature, the y\7 values increase continu-
ously from room temperature values of 3.72, 3.76, and
3.76 emuKmol ! for 5, 6, and 7, respectively, and then
reach the maximum values of 6.97, 5.98, and
7.25 emuK mol™! for 5, 6, and 7, respectively, at 9 K for 5
and 10 K for 6 and 7, after which point they drop sharply
and reach values of 2.86, 1.79, and 1.70 emuK mol ! for 5,
6, and 7, respectively, at 1.8 K. This magnetic nature indi-
cates the presence of ferromagnetic coupling between intra-
molecular Fe'" and Ni" ions and is in agreement with the
field-dependent magnetization, which shows the unsatu-
rated magnetization values of 5.84, 5.19, and 5.66 Nfmol ™!
for 5, 6, and 7, respectively, at 7 T (Supporting Information,
Figures S8-S10). A little S shape was observed in the M vs.
H plots at 1.8 K for 6 and 7, which suggests that intermo-
lecular antiferromagnetic interactions at very low tempera-
tures under low field occur. The drop in y\7 at very low
temperatures could be attributed to the zero-field splitting,
weak intermolecular antiferromagnetic interactions, or Zee-
man effects. An approximate isotropic Hamiltonian similar
to 4 was used to simulate the magnetic susceptibilities:

H = -2J[Skei(Snit + Sni2) + Skea(Snit + Snio)]

and the Van Vleck expression can be written as Equa-
tion (2).

In order to minimize anisotropy effects and intermo-
lecular antiferromagnetic interactions, least-squares fittings
of the experimental data were carried out above 9 K (for 5)
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Figure 7. Temperature dependence of y\ 7 for complexes 5 (a), 6
(b), and 7 (c) at 2 kOe. Inset: Reduced magnetization data at low
temperatures. Solid lines represent fits to the data.

—2J/kT 2J/kT

_2Ng* B’ N T+e +10xe*™ +e +14xe
kT 12+e4J/kT+8xe—2J/kT+5erJ/kT+3X64JlkT+7xeAJ/kT

@

—6J/ kT 4J/kT

v

and 10 K (for 6 and 7), which led to g = 2.284 and J =
+421 cm™! with R = 2.4X 1073 for 5, g = 2.305 and J =
+2.84 cm ! with R = 7.7X 1073 for 6, and g = 2.285 and J
= +5.46 cm™! with R = 2.8 X 1073 for 7.2

The magnetization variations at different magnetic fields
were recorded between 1.8 and 6 K (Figure 7, inset). The
nonsuperposition of the isofield lines indicates the presence
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DC field. Insert: the Arrhenius fit for the Inz vs. 7! plot.
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of significant zero-field splitting. With the magnetic filed of
5 kOe, complexes 6 and 7 show maximum values of magne-
tization corresponding to the existence of intermolecular in-
teractions.!'4>16<l By considering the relatively small magni-
tude of exchange parameters, the nonnegligible population
of electrons on low-lying excited states should exist, espe-
cially under high magnetic field. So, the reduced magnetiza-
tion data were simulated by using ANISOFIT for T=6 K
and 50 kOe= H =20 kOe to afford D = -3.08 cm™! with g
=232 for5, D =-3.02cm ! with g = 2.02 for 6, and D =
—3.25cm™! with g = 2.27 for 7.

To investigate the dynamic nature of complexes 5-7, AC
magnetic measurements were performed in a 5 Oe AC field
oscillating at 1-1488 Hz in the temperature range 1.8-10 K
with zero DC field (Figure 8). The obvious frequency-de-
pendent signals in both in-phase (yy;) and out-of-phase
susceptibilities (yp;'") can be observed below ca. 4 K for 5
and below 5K for 6 and 7. The yy,'’ values for a given
frequency attain a maximum that shifts to lower tempera-
ture upon decreasing the frequency. The yy;'' peak posi-
tions were determined by using fits to Lorentzian lines, and
the plots of Int vs. 1/T follow the Arrhenius expression Int
= U.lkgT + Inty, where 7, 79, U, and kg represent relax-
ation time, preexponential factor, relaxation energy barrier,
and Boltzmann constant, respectively. Least-squares fittings
gave 7o = 4.5X10%s for 5, 6.1xX10%s for 6, and
5.0xX 1078 s for 7, and the effective spin-reversal barriers of
U.r = 17.5K for 5, 20.6 K for 6, and 20.8 K for 7. The y\'
and y\'’ signals indicate the existence of slow magnetiza-
tion relaxation and support the fact that 5-7 behave like
SMMs.

In complex 6, the methyl group is less sterically bulky; thus,
there is less separation of the rectangle cations and there exists
intermolecular m-n stacking interactions (3.736 A) similar
to [(Tp)x(tren),Ni,Fe,(CN)gJ** (3.697 A).l'61 However, in
complexes 5 and 7, only weak H-bonds connections are ob-
served due to enhancement in the steric effects after the
introduction of the Ph or iBu groups. Unfortunately, no
direct evidence was detected with regard to the effects on
the SMM behavior resulting from the difference in inter-
molecular interactions.

Conclusions

Three facially tricyanide-containing building blocks 1-3
were synthesized and characterized. The incorporation of
1-3 into partially blocked salts afforded four rectangular
clusters in parallel, Fe''',Cu'l, (4) and Fe''',Ni'l, (5-7). The
Fe",Ni'l, clusters 5-7 exhibit two quasireversible iron-cen-
tered reduction processes and two quasireversible nickel-
centered oxidation processes. Magnetic studies show intra-
molecular ferromagnetic coupling and appreciable magnetic
anisotropy in clusters 4-7. Moreover, 5-7 show obvious fre-
quency dependence in the alternating current magnetic
susceptibility data, which suggests single-molecule magnet
behavior with 7, = 4.5X 108 s for 5, 6.1 X108 s for 6, and
5.0x 108 s for 7, and the effective spin-reversal barriers of
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Uy = 17.5K for 5, 20.6 K for 6, and 20.8 K for 7. The
present results suggest mononuclear compounds 1-3 are
possible building blocks for assembling new cyanide-
bridged heterometallic high-spin clusters with interesting
magnetic properties. Our future efforts will focus on the as-
sembly of linear oligomers from expansion of the rectangu-
lar SMMs through appropriate linkers to obtain SCMs, as
well as controlled assembly of new SMMs.

Experimental Section

Materials and Physical Measurements: All manipulations were car-
ried out under an atmosphere of purified nitrogen by using stan-
dard Schlenk techniques. Diethyl ether and toluene were dried by
CaCl, and then distilled from sodium. Methylboronic acid
[MeB(OH);], (2-methylpropyl)boronic acid [iBuB(OH),], phenyl-
dichloroborane (PhBCl,), LiAlH,, and pyrazole (Hpz) were pur-
chased from Aldrich Chemicals. All other chemicals were reagent
grade and used as received. LiiMeBH;]/Li[iBuBH;] were prepared
by using MeB(OH),/iBuB(OH), and LiAlH, in anhydrous Et,O
as reported previously.*®! Fe(PhTp), was synthesized according to
modified literature methods.l*”] Elemental analyses for C, H, and
N were performed with a Perkin-Elmer 240C analyzer. Infrared
spectra were recorded with a Vector22 Bruker spectrophotometer
as KBr pellets in the 400-4000 cm™! region. Magnetic susceptibility
measurements for all crystalline samples were obtained with the
use of a Quantum Design MPMS-XL7 SQUID magnetometer in
the temperature range 1.8-300 K. The DC measurements were col-
lected up to 70 kOe. Data were corrected for the diamagnetic con-
tribution calculated from Pascal constants.”®! The AC measure-
ments were performed at various frequencies from 1 to 1488 Hz
with the AC field amplitude of 5 Oe and no DC field applied. Cy-
clic voltammetry (CV) experiments were carried out in acetonitrile
solution at room temperature with the use of a ZAHNER IM6ex
electrochemical working station. A standard three-electrode system
with a glassy carbon working electrode, a platinum wire auxiliary
electrode, and an Ag/Ag* (10 mm AgNOj in acetonitrile) reference
electrode was used. The concentration of the complexes was
1 X103 M for 1-3 and 2.5X 10* ™ for 5-7; tetrabutylammonium
perchlorate (0.1 m) was used as the supporting electrolyte. CV was
performed at a scan rate of 0.1 Vs!. Reported potentials are all
referenced to the ferrocene/ferrocenium (Fc/Fc*) couple, which was
used as an internal standard with 0.08 V vs. Ag/AgNOs.

Caution: Although no problems were encountered in this work, Li-
AlH, and perchlorate salts are potentially explosive and cyanides
are very toxic. Thus, these starting materials should be handled in
small quantities and with great care.

Fe(MeTp),: A solid sample of pyrazole (2.171 g, 31.93 mmol) was
added to Li[MeBHj] (0.378 g, 10.56 mmol) in a dry round-bot-
tomed flask under an atmosphere of N, with continuous stirring.
This mixing caused heat to be generated and H, was released. After
string for 30 min at room temperature, the mixture was heated at
ca. 200 °C for 1.5h by an air-cooled condenser to a gas meter.
The excess pyrazole was removed by sublimation. The product was
cooled to room temperature and then dissolved in THF (20 mL),
followed by the addition of FeSO47H,O (1.468 g, 5.28 mmol) in
deoxygenated water (40 mL). A purple precipitate was immediately
formed. After stirring for 1 h, the precipitate was filtered, washed
with water and methanol, and purified by recrystallization from
CH,Cl,. Yield: 1.670 g (62%). IR (KBr): ¥ = 2951 (s), 2917 (s),
2850 (m), 1498 (s), 1425 (s), 1410 (vs), 1401 (vs), 1320 (vs), 1301
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(vs), 1224 (m), 1101 (vs), 1060 (vs), 1032 (m), 1003 (m), 970 (m),
943 (s), 917 (s), 751 (vs), 710 (s), 759 (s), 620 (m), 550 (m) cm'.

Fe(iBuTp),: Fe(iBuTp), was prepared as purple microcrystals by
using a method similar to that of Fe(MeTp),, except that Li-
[iBuBH;] was used in place of LiiMeBH;]. Yield: 2.101 g (67%).
IR (KBr): v = 2952 (s), 2922 (s), 2894 (s), 2862 (s), 1499 (s), 1465
(m), 1416 (vs), 1401 (vs), 1366 (m), 1328 (m), 1298 (vs), 1239 (m),
1204 (vs), 1185 (s), 1104 (vs), 1090 (s), 1058 (vs), 1028 (m), 989 (w),
922 (s), 869 (s), 836 (m), 820 (m), 747 (vs), 705 (s), 649 (s), 621 (m),
586 (m) cm .

(BugN)[(PhTp)Fe(CN);]-H,O (1): A mixture of Fe(PhTp), (1.902 g,
3 mmol) and KCN (0.731 g, 11.25 mmol) in 2-propanol (75 mL)
was heated at ca. 80 °C under continuous stirring until the color
of the suspension changed from purple to yellow. The resulting
mixture was cooled to room temperature and concentrated under
reduced pressure. The residue was dissolved in boiling water
(100 mL) and then filtered hot. The filtrate was cooled to room
temperature and BuyNBr (0.967 g, 3 mmol) and 30% H-,0,
(20 mL) were added successively, which caused the precipitation of
1 as a yellow crystalline solid. The crude product was filtered,
washed with small portions of water and diethyl ether, and then
dried under vacuum at room temperature. Yield: 1.251 g (61%).
Yellow plate-shaped crystals of 1 were obtained by slow diffusion
of diethyl ether into the solution of 1 in CHCl;. IR (KBr): ¥ =
2119 (ven) em™!. C34Hs:BFeN 40 (683.52): caled. C 59.74, H 7.67,
N 20.49; found C 59.67, H 7.79, N 20.32.

(BuyN)[(MeTp)Fe(CN);] (2): Prepared by following the same pro-
cedure as that described for 1. Yield: 0.815 g (45%). X-ray quality
crystals of 2 as yellow plates were grown by slow evaporation of
the product in H,O/CH3OH (1:10). IR (KBr): ¥ = 2120 (ven) cm L
CyoHysBFeN | (603.43): caled. C 57.72, H 8.02, N 23.21; found C
57.86, H 8.16, N 23.15.

(BuyN)[(ZBuTp)Fe(CN);] (3): Prepared by following the same pro-
cedure as that described for 1. Yield: 1.394 g (72%). Yellow plate-
like crystals of 3 were obtained by slow diffusion of diethyl ether
into the solution of 3 in CHCl;. IR (KBr): v = 2117 (vey) cm L.
CsoHsyBFeN o (645.51): caled. C 59.54, H 8.43, N 21.70; found C
59.43, H 8.51, N 21.59.

[(PhTp)Fe(CN);Cu(bpy)(H,0)(ClO4)],:2H,0O (4): To a solution of
Cu(ClOy4),*6H,O (18.5 mg, 0.05 mmol) in methanol (10 mL) was
added a solution of bipy (7.8 mg, 0.05 mmol) in methanol (10 mL),
followed by the addition of a solution of (BuyN)[(PhTp)Fe(CN);]-
H,0 (34.2 mg, 0.05 mmol) in methanol (5 mL). The resulting solu-
tion was concentrated by evaporation in air and then diffused by
diethyl ether vapor to afford dark-brown crystals of 4. Yield:
304mg (78%). IR (KBr): v = 2133, 2182 (ven) cm'L
Cs6Hs5,B,ClLCuyFesN»yOy, (1556.5): caled. C 43.21, H 3.37, N
19.80; found C 43.26, H 3.46, N 19.68.

[(PhTp)Fe(CN);Ni(tren)],(ClOy), (5): A methanol solution (10 mL)
of Ni(ClOy),'6H,O (18.3mg, 0.05mmol) and tren (7.5 mg,
0.05 mmol) was mixed with a solution of (BuyN)[(PhTp)Fe(CN);]
(34.2 mg, 0.05 mmol) in methanol (5 mL). Crystals of 5 as orange
parallelepipeds were obtained after 1 week upon evaporation of the
solvent. Yield: 15.6 mg (43%). IR (KBr): v = 2126, 2154 (ven)
cm ! Cp4H3,BCIFeN 3NiO, (727.45): caled. C 39.63, H 4.43, N
25.03; found C 39.76, H 4.57, N 24.72.

[(MeTp)Fe(CN);Ni(tren)],(ClO4),2H,0 (6): The tren ligand
(7.5 mg, 0.05 mmol) was added to a solution of Ni(ClO,4),*6H,O
(18.3 mg, 0.05 mmol) in CH;OH/H,O (3:1, 4 mL), which resulted
in the formation of a violaceous solution. Treatment of this mixture
with a solution of (BuyN)[(MeTp)Fe(CN);] (30.2 mg, 0.05 mmol)
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in methanol (6 mL) afforded an orange solution, which was filtered
and left to stand at room temperature. Dark-brown needle-like
crystals were obtained after 2 weeks. Yield: 18.8 mg (55%). IR
(KBr): ¥ = 2118, 2156 (ven) em ! CoH3,BCIFeN 3NiOs (683.4):
caled. C 33.40, H 4.72, N 26.64; found C 33.27, H 4.99, N 26.45.
[(@BuTp)Fe(CN);Ni(tren)],(Cl0y4),:2H,0-2CH;0H (7): Red-brown
needle-like crystals of 7 were synthesized from Ni(ClO,),-6H,0,
tren, and (BuyN)[(iBuTp)Fe(CN);] by following the same pro-
cedure as that described for 5. Yield: 18.2 mg (48%). IR (KBr): ¥
= 2120, 2154 (ven) emt. Co3Hy, BCIFeN ;3NiOg (757.52): caled. C
36.47, H 5.59, N 24.04; found C 36.45, H 5.54, N 23.67.

Table 4. Crystallographic data for complexes 1-3.

Eur|IC

European Journal
of Inorganic Chemistry

X-ray Crystallography: The crystal structures of complexes 1-7
were determined with a Siemens (Bruker) SMART CCD dif-
fractometer by using monochromated Mo-K, radiation (4
0.71073 A) at room temperature. Cell parameters were retrieved by
using SMART software and refined by using SAINT!?*! on all ob-
served reflections. Data were collected by using a narrow-frame
method with scan widths of 0.30° in w and an exposure time of
10 s/frame. The highly redundant data sets were reduced by using
SAINT®! and corrected for Lorentz and polarization effects. Ab-
sorption corrections were applied by using SADABSBY supplied
by Bruker. Structures were solved by direct methods with the

1 2 3
Formula C34H52BF€N100 C29H48BF6N10 C32H54BFCN10
M, 683.52 603.43 645.51
Crystal system monoclinic monoclinic monoclinic
Space group P2,/c P2,/c P2,/c
al 15.489(5) 10.003(6) 9.896(3)
bhlA 12.958(5) 13.041(7) 13.143(4)
cl A 19.804(7) 26.188(14) 27.701(8)
al® 90 90 90
ple 101.541(8) 88.212(13) 91.457(5)
yl° 90 90 90
VA3 3894(2) 3414(3) 3601.4(18)
Z 4 4 4
Peated, | gem™! 1.166 1.174 1.191
F (000) 1460 1292 1388
T/K 293(2) 293(2) 293(2)
u/ mm! 0.426 0.475 0.455
Index range -18=h=18 9=h=11 -13=h=11
-15=k=15 -l4=k=15 -17=k=14
-15=/=23 -23=1=31 -36=/=36
Data/restraints/parameters 6825/17/424 5996/7/370 8385/0/397
GOF (F?) 0.943 0.804 0.892

R, R [I>20(1)] 0.0725, 0.2006

0.0675, 0.1098 0.0519, 0.1206

[a] Ry = Z||C] ~ |FJ/ZF|. [b] Ry = [Zw(Fy* — FAPZw(F)]'

Table 5. Crystallographic data for complexes 4-7.

4 5 6 7
Formula géz;ljjgiflzcuz_ C24H32BC1FGN]3NiO4 C19H32BC1FCN13Ni05 C23H42BC1FCN13Ni06
M, 1556.50 727.45 683.40 757.52
Crystal system triclinic triclinic triclinic monoclinic
Space group P1 P1 Pl P2y/c
al A 9.810(2) 9.7013(19) 9.6298(17) 9.6999(18)
bl A 13.202(3) 12.379(2) 11.0552(19) 15.105(3)
cl A 14.301(4) 14.394(3) 15.103(3) 23.591(4)
al® 73.015(5) 109.375 68.856(4) 90
ple 87.899(5) 91.549(4) 85.376(5) 92.725(3)
yl° 70.838(5) 102.839(4) 87.627(4) 90
VA3 1669.6(7) 1580.4(5) 1494.6(5) 3452.6(11)
Z 1 2 2 4
Peated. | gem! 1.548 1.529 1.519 1.457
F (000) 792 750 706 1580
T/K 291(2) 293(2) 293(2) 293(2)
u/ mm! 1.210 1.193 1.258 1.099
Index range -12=h=12 -11=hr=11 ~-11=h=10 -12=h=11
-15=k=16 -15=k=12 -13=k=13 -19=k=14
-17=1=17 -17=1=15 -18=/=15 -30=/=31
Data/restraints/parameters ~ 6556/0/451 6123/6/415 5742/0/370 8079/0/415
GOF (F?) 1.034 0.934 0.969 1.089

R @R [1>26(1)] 0.0589, 0.1332

0.0612, 0.1092

0.0960, 0.1359 0.0714, 0.1580

[a] Rl = E”C' - |Fc”/ZFo|- [b] RZ = [EW(FO2 - Fcz)zlzw(Foz)]”2~
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SHELXL-97 program.!l The positions of the metal atoms and
their first coordination spheres were located from direct-method E
maps; other non-hydrogen atoms were found by using alternating
difference Fourier syntheses and least-squared refinement cycles
and, during the final cycles, were refined anisotropically. Hydrogen
atoms were placed in calculated position and refined as riding
atoms with a uniform value of Ui, Information concerning crys-
tallographic data collection and structure refinement is summarized
in Tables 4 and 5. CCDC-663432 (for 1), -663433 (for 2), -663434
(for 3), -663435 (for 4), -663436 (for 5), -663437 (for 6), -663438
(for 7) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Additional structural and magnetic characterization
data for the complexes described in this work.
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