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Reactions of [F&CN)x(bpy),] and [Fé'' (CN),(bpy)](PFs) with [Cu''(bpy)(CHOH),](PFs)2 in methanol yielded
cyanide-bridged cyclic tetranuclear complexes of!peai! 5(u-CN)a(bpy)s](PFs)4:2H.0-4CHCE (1) and [Fé!',-
Cu'5(u-CN)4(bpy)s](PFs)s:4CHsCN-2CHCk (2), respectively. In the squares bfand 2, the F&+/3+ (low-spin)

and C@#" ions are alternately bridged by the cyanide ions, the carbon atoms of which coordinate to the iron ions.
Variable-temperature magnetic susceptibility studies of complexes revealed thafthHertin1 are magnetically
isolated. In the square @ the adjacent Fe and Cd" ions were ferromagnetically coupled through the cyanide
bridges with aJ; value of+6.3(1) cnt? and the weaker antiferromagnetic interactions between the orthogonal
Fett---Fe™ and Cd"---CU2" pairs are operativeJ§ = —3.1(1) cntl). The propagation of the ferromagnetic
interaction in2 can be understood by the orthogonal magnetic orbitals of the low-spin(8e) and Cé#" (do)

ions. Cyclic voltammograms of the squares have been recorded and discussed. Crystalldatidcforic space
groupP1, a = 14.491(4) Ajb = 15.312(4) A,c = 12.959(3) A,a = 91.38(2}, B = 109.56(23, y = 65.41(2},

Z = 1. Crystal data fol: triclinic space grougP1, a = 14.472(9) Ab = 15.310(6) A,c = 12.523(5) A,a =
102.58(3Y, f = 107.19(4), y = 75.08(4), Z = 1.

cluster8 have attracted intense research interest from the
o magnetic viewpoints of highx and light-induced magnets.

Self-assembly by means of coordination bonds has been ajhough cyanide ions have the potential to bridge a variety of
applied to construct functional nanoscaled supramoleéutes. 1 atalions and form cluster compounds, a cyanide-bridged high-
the assembled systems not only are reaction sites available butspin square has not been prepared. We report herein cyanide-
also specific electronic states due to metaletal interactions bridged iron(lly-copper(ll) and iron(llly-copper(Il) molecular

play an important role in their functions. A cyclic tetranuclear g4 ,ares with doublet and quintet spin ground states, respectively.
system, called a molecular square, is one of the simplest models

of the infinite assembly, and it can be used to study interactions Experimental Section
between metal centers. A variety of methodologies have been
proposed and used to prepare molecular squares. Polypyridyl
bridging ligands were used to synthesize squares and even gri [Fe' ,Cu' 2(u-CN)a(bpy)el(PFe)s-2H:0-4CHCl5 (). [Fe!(CN)-

compoundg.Square planar coordination geometry of platinum- (bpy)]® (55 mg, 0.13 mmol) in MeOH (25 mL) was added to a solution

(1) and palladium(ll) ions has been reported to give facile of [Cu'(bpy)(CHOH)](NO3)2+3H:07 (50 mg, 0.13 mmol) in methanol
formation of the squares, and this strategy was employed to

the more extended systefh®n the other hand, cyanide-bridged
infinite systems called Prussian blue analoduesl high-spin
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Table 1. Crystallographic Data for [R€w(u-CN)s(bpy)s](PFe)a-2H,0-4CHCE (1) and [FeCu(u-CN)(bpy)](PFs)e"4CH;CN-2CHCE (2)

1 2
empirical formula G5H43C|3CU2F24F€2N1502P4 C70H55C|GCU2F35F€§N20P5
fw 2010.20 2508.73
space group P1 P1
a, 14.491(4) 14.472(9)
b, A 15.312(4) 15.310(6)

c, A 12.959(3) 12.523(5)
o, deg 91.38(2) 102.58(3)
f, deg 109.56(2) 107.19(4)
y, deg 65.41(2) 75.08(4)
Vv, A3 2441.3(12) 2531(2)

Z 1 1

p(calcd), g cm® 1.367 1.646
T,°C —-60 —60

A, A 0.71073 0.71073
u, mmt 0.959 1.065
transm coeff 0.9110.977 0.956-0.998
R12 0.0857 0.0541
wR2P 0.2296 0.1368

AR1 =3 ||Fo| — |Fell/3|Fol. PWR2 = [S[W(Fe® — FcA)?/ 3 [W(F)?]0.5;
= 1/[6%(Fo?) + (0.0847P)? + 2.2356°] whereP = (F;2 + 2F:2)/3.

(25 mL). After 3 days of stirring, the addition of NAFs (62 mg, 0.38
mmol) in methanol (25 mL) gave a deep red powder. Recrystallization
by slow diffusion of chloroform into an acetonitrile solution yielded
dark red crystals of.

[Fe'” Ccu 2([4-CN)A(bpy)a](PF6)5‘4CH3CN'2CHC|3 (2) [Fe'” (CN)z-
(bpy)](PFe)® (61 mg, 0.13 mmol) in MeOH (25 mL) was added to a
solution of [CU (bpy)(CHOH),](NO3),:3H,0 (50 mg, 0.13 mmol) in
methanol (25 mL). After 3 days of stirring, the addition of MNMF
(62 mg, 0.38 mmol) in methanol (25 mL) gave a brown powder.
Recrystallization by slow diffusion of chloroform into an acetonitrile
solution yielded dark brown crystals af

Crystallographic Data Collection and Structure Determination.

A dark red tablet (0.6< 0.5 x 0.3 mn?) of 1 and a dark brown tablet
(0.3 x 0.2 x 0.06 mn?) of 2 were mounted at the ends of glass fibers,
respectively. Intensity data were collected-&0 °C on Rigaku AFC7S
diffractometer equipped with graphite-monochromated Morddia-
tion, employingw—26 scan techniques. Unit cell parameters were
obtained by least-squares refinements of 20 reflection$ 2260 <

30°). Totals of 11 365 and 12 083 reflections’ (2 6 < 27.5") were
respectively collected fot and2, which yield 10 936 Ri,; = 0.0406)

and 11 622 R = 0.0136) independent reflections, 6322 and 7895 of
them with | > 2¢(l) for 1 and 2, respectively. The diffraction data
were corrected for Lorentz and polarization effects, and absorption
corrections were made by the analytical method, which gave relative
transmissions of 0.91410.977 and 0.9560.998 forl and 2, respec-
tively. Crystallographic data are given in Table 1. The structures were

calcd forl, w = 1/[o*(F,?) + (0.159(P)? + 5.944 2], calcd for2, w

electrode was used as the working electrode. The counter electrode
was a platinum coil, and the reference electrode was a saturated sodium
calomel electrode (SSCE). The concentration of the complexes was 1
x 1073 M, and tetrabutylammonium hexafluorophosphate (0.1 M) was
used as the supporting electrolyte. CV was performed at a scan rate of
100 mVs. All of the half-wave potential&, = (Epc + Epa)/2, where

Epc and Epa are the cathodic and anodic peak potential, respectively,
are reported with respect to the SSCE.

Results and Discussion

Structures of [Fe' ;Cu' 5(u-CN)4(bpy)el(PFe)4-2H20-4CHCl3
(1) and [Fé” 2CU”2([1-CN)4(bpy)6](PF5)5'4CH3CN‘2CHC|3
(2). The structures of the catiorisand?2 are depicted in Figure
1, and Tables 2 and 3 summarize selected bond distances and
angles. Complex catiorlsand2 having an inversion center in
the molecule are tetranuclear macrocycles with the overall
geometry being nearly square, in which low-spirfFer Fe*
and C@" ions are alternately bridged by cyanide ions. The
orientation of the cyanide groups is, however, ambiguous, and
they might be disordered. Cyanide carbon and nitrogen atoms
act asz-acceptor ana-donor, respectively, and the iron ion
regarded as a-donor prefers being coordinated by the cyanide
carbon atoms. X-ray structure analyses of a cyanide-bridged
iron square, [Fé&(u-CN)4(bpy)s](PFs)4:4H,0,1° revealed that

solved by the conventional heavy atom method and subsequent Fouriethe bond distances of FeC (cyanide carbon) and Fe-N

syntheses; anisotropic full-matrix least-squares refinemenk orere
done by using SHELX-93 (G. M. Sheldrick, University of tBogen,

(cyanide nitrogen) are in the ranges 1.899(#)927(4) A and
1.929(4)-1.950(4) A, respectively. The observedFeC bond

1993), where hydrogen atoms were included in calculated positions distances (1.882(7) and 1.886(6) A) 1nare shorter than the

and refined with isotropic thermal parameters riding on those of the
parent atoms. One of the PFanions inl1 was found to be disordered
around the FP—F axis, and a split-atom model with a 1:1 occupancy
was applied.

Magnetic and IR Measurements.Magnetic susceptibility data in
the temperature range 2800 K were collected with an applied 10
kG field with the use of a Quantum Design model MPMS SQUID
magnetometer. Pascal’s constamisre used to determine the constitu-

corresponding bond distances in [g@-CN)4(bpy)s](PFe)a
4H,0, and the coordination of the cyanide nitrogen atom to the
Fe*t ion is expected to cause aneN bond length longer
than 1.9 A. On the other hand, the3feC bond lengths in a
mononuclear complex, [FECN),(bpy)](ClOy4),!! are reported

to be 1.931(7) and 1.928(7) A, which is in good agreement with
the bond length of the Bé—C bonds (1.930(4}1.931(4) A)

ent atom diamagnetism. IR spectra was obtained by using a JASCOIn 2. Therefore, we concluded that the cyanide carbon atoms

FT/IR-630 IR spectrometer.

Electrochemical Measurements.Cyclic voltammetry (CV) was
carried out in nitrogen-purged acetonitrile solution at room temperature
with the use of a BAS CV-50W voltammetric analyzer. A glassy carbon

(8) Shilt, A. A.J. Am. Chem. Sod96Q 82, 3000.

(9) Hatfield, W. E. InTheory and Application of Molecular Paramagnet-
ism; Boudreaux, E. A., Mulay, L. N., Eds.; Wiley and Sons: New
York, 1976; pp 491-495.

coordinate to the iron ions ifh and 2. It should be noted that
the observed small isotropic displacement parameters for the
cyanide carbon and nitrogen atoms (less thax 43 A2 for

(10) X-ray structure data for [Me(u-CN)a(bpy)](PFs)a-4H,0O will be
submitted.

(11) (a) Lu, T.-H.; Kao, H.-Y.; Wu, D. I.; Kong, K. C.; Cheng, C. Acta
Crystallogr. 1988 C44, 1184. (b) Schilt, A. Alnorg. Chem1964 3,
1323.
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Figure 1. ORTEP diagrams of [R€w(u-CN)s(bpy)]*" (1) and [FeCuwx(u -CN)(bpy)]¢* (2).

Table 2. Selected Bond Lengths (A) Angles (deg) for Table 3. Selected Bond Lengths (A) and Angles (deg) for
[FexCup(u-CN)a(bpy)s]l(P Fe)s- 2H0-4CHCE (1) [FeCu(u-CN)(bpy)](PFe)e-4CHsCN-2CHCE (2)
Cu—N(2) 1.935(6) Cu-N(1) 1.945(6) Cu—N(1) 1.970(3) Cu-N(2)1 2 1.981(3)
Cu—N(8) 2.003(6) Cu-N(7) 2.010(5) Cu—N(8) 1.991(3) Cu-N(7) 1.997(3)
Fe—-C(1) 1.882(7) FeC(2)#® 1.886(6) Cu—N(9) 2.298(4) N(2)y-Cu* 1.981(3)
Fe—N(5) 1.977(6) Fe-N(3) 1.978(6) Fe—-C(1) 1.931(4) Fe-C(2) 1.930(4)
Fe—N(4) 1.991(5) Fe-N(6) 1.996(5) Fe—N(3) 1.981(3) Fe-N(5) 1.970(3)
N(1)—C(1) 1.157(8) N(2)-C(2) 1.154(8) Fe—N(4) 1.968(3) Fe-N(6) 1.965(3)
Cu—0(1) 2.64(2) N(1)—C(1) 1.142(5) N(2)-C(2) 1.142(5)
N(2)—Cu—N(1) 92.7(2) N(2-Cu—N(8) 93.2(2) N(1)-Cu—N(2)**  88.52(13) N(1)}Cu—N(8) 175.69(14)
N(1)—Cu—N(8) 173.6(2) N(2)-Cu—N(7) 170.5(2) N(2)*1—Cu—N(8) 94.88(14) N(1)Cu—N(7) 94.64(14)
N(1)—Cu—N(7) 93.7(2) N(8-Cu—N(7) 80.7(2) N(2)""~Cu—N(7) 163.10(13) N(8)Cu—N(7) 81.3(2)
N(2)—Cu—0(1) 89.3(6) N(1)-Cu—0(1) 86.5(5) N(1)—Cu—N(9) 94.7(2) N(2)#1Cu—N(9) 94.9(2)
N(8)—Cu—0(1) 91.2(5) N(7}Cu—0O(1) 98.1(6) N(8)—Cu—N(9) 87.7(2) N(7¥Cu—N(9) 101.3(2)
C(1)-Fe-C(2)#1 89.3(3) C(LyFe—N(5) 90.4(3) C(1)-N(1)—Cu 176.3(3) C(2rXN(2)—-Cu  171.9(3)
C(2)#1-Fe—N(5) 94.1(3) C(1yFe—N(3) 94.6(3) N(1)—C(1)-Fe 173.5(3) N(2yC(2)—Fe 175.5(3)
C(2)#1-Fe—N(3) 89.2(3) N(5-Fe—N(3) 174.1(2) C(1)-Fe-C(2) 91.8(2) C(1yFe—N(6) 176.62(13)
C(1)-Fe—N(4) 175.0(3) C(2)#1rFe—N(4) 88.9(2) C(2)—Fe—N(6) 88.77(14) C(1LyFe—-N(4) 85.87(14)
N(5)—Fe—N(4) 94.4(2)  N(3FFe—N(4) 80.7(2) C(2)-Fe-N(4) 95.78(14) N(6)Fe—N(4) 97.40(12)
C(1)-Fe—N(6) 87.5(2) C(2)#tFe—N(6) 174.2(3) C(1)—Fe—N(5) 94.71(14) C(2yFe—N(5) 84.87(14)
N(5)—Fe—N(6) 81.1(2) N(3)-Fe—N(6) 95.8(2) N(6)—Fe—N(5) 82.00(13) N(4yFe—N(5) 179.12(12)
N(4)—Fe—N(6) 94.7(2) C(1yN(1)—Cu 177.5(6) C(1)-Fe—N(3) 87.64(14) C(2yFe—N(3) 177.62(13)
C(2)—-N(2)—Cu 173.6(6) N(1)yC(1)-Fe 178.1(6) N(6)—Fe—N(3) 91.97(12) N(4yFe—N(3) 81.88(13)
N(2)—C(2)—Fe#1 178.8(6) N(5)—Fe—N(3) 97.48(13)
a Symmetry transformations used to generate equivalent atoms: (#1) 2 Symmetry transformations used to generate equivalent attms:
—x+1,-y,—z+ 2. +1,-y+1,—-z+ 1.

both atoms) inl and 2 exclude the possibility of positional  oxidation state of iron ions, which are in contrast to mononuclear
disorder of the carbon and nitrogen atoms. The bond angles ofcomplexes. The €N(cyanide) bond lengths in [Fe(CN)
C—Fe—C and N-Cu—N for 1 are 89.3(3) and 92.7(2), and (phen}]*2 and [Fe(CN)(bpy)](ClO4)2 are 1.149(7)-1.151-
those for2 are 91.8(2) and 88.5(1), respectively. The edge to  (7) A and 1.123(9)1.135(1) A, respectively, while the former
edge distances (FeCu) are 4.983(2) and 4.970(2) A farand showed strong IR signals ofCN) at 2075 and 2062 cm and
5.037(2) and 5.046(3) A f. The size of the squarkis slightly the latter has a barely detectable IR band at 2120'éAt The
smaller than that o2. The coordination geometry of €uions cyanide bond lengths ih and2 are 1.154(8)1.157(8) A and

in 1 and2 can be regarded as square planar with coordination 1.142(5) A, and the/(CN) bands were observed at 2113 and
of bpy and cyanide groups, and solvent molecules weakly 2118 cnt?, respectively.

coordinated at the fifth position. The €I bond distances are Electrochemistry. The cyclic voltammograms (CV) df and

in the range 1.935(6)2.010(5) A, and the magnetic orbitals of 2 are identical: that ofl in CHzCN (0.1 M (n-BwuN)PR) is

the Cu#* ions are the d-» orbitals which direct at the  shown in Figure 2. Two quasi-reversible two-electron-transfer
coordinated cyanide groups. Six coordination sites of the iron processes are clearly observedEé;z =001V andEi/z =

ions in1 and2 are occupied by the four nitrogen atoms from g 96 v/ (vs SSCE) with the peak separationfé and AE;,

bpy and two of the cyanide carbon atoms. Thé'FeC bond  peing 120 and 150 mV, respectively. The numbers of exchanged
distances (1.882(7) and 1.886(6) A) Inare slightly shorter  glectrons for each redox wave were confirmed by controlled-

than the F& —C bond lengths oP (1.930(4)—1.931(4) A), potential coulometry. The redox waves at 0.01 and 0.96 V are
which is due to the more pronouncedback-donation in the

low-spin F&* ions. The G-N bond distances and CN stretching (12) Zhan, S.; Meng, Q. You, X.; Wang, G.: ZhengFRlyhedron1996
frequency of the cyanide ih and?2 are not so sensitive to the 15, 2655.
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Figure 2. Cyclic voltammogram ofl in acetonitrile. Conditions: 1
mM of 1, 0.1 M (n-BusN)PFs, glassy carbon electrode, platinum wire
counter electrode, SSCE reference, scan rate 100 ThV s

respectively attributable to the CACUZ+ and F&"/Fe* process,
which was depicted as follows:

E}, —2e

+2e

[Fe' ,CU,(u-CN),(bpy)]*"
Eg,z —2e
2e

[Fe",CU'(u-CN),(bpy)] ===

[Fe" ,CU' ,(u-CN),(bpy)el**

It should be noted that electronic interactions between-Fe
and Cu--Cu ions through th—CN—Cu—NC-} and{—NC—
Fe—CN-—} groups are rather small from the electrochemical
viewpoints. The mononuclear complex, [E&N),(bpy)], showed
a reversible PHF€E" redox wave at 0.47 V (vs SSCE), which
is less possitive than that of the same oxidation procesé for
(0.96 V). The more positive oxidation potential farcan be
understood by two factors. (i) The molecular charge differ-
ence: Itis expected that the complex with the higher molecular
charge likel should shows a higher oxidation potential. (ii)
The lower electron density on the Feion in 1: In the
molecular square, the [€¢(bpy)?" group may act as a Lewis
acid, which leads to the higher oxidation potential for
Magnetic Properties. The temperature dependence of mag-
netic susceptibility forl and2 was measured down to 2.0 K.
In 1, the F&" ions are in the low-spin stateS & 0) and each
Cw?t ion has an unpaired electrors (= %,). The room
temperaturg T value oflis 0.87 emu* K mol~%, which would
be expected for an isolated two-spin system with\ealue of
2.154, andymT remains at a constant plateau down to 10 K.
The magnetic data ol revealed that magnetic interactions
between C&' ions through the low-spin Peions are negligibly
small. The temperature dependence of the magnetic data for
is depicted in Figure 3. The molecular squareafonsists of
two of low-spin Fé" (S= 1/,) and Cd" (S= 1,) ions. The
ymT value of 2 at 300 K is 1.59 emu K mol, which is
characteristic of non-interacting four-spin systemsSof /5.
As the temperature is lowered, thgT value shows a gradual
increase, reaching the maximum value (2.22 emu K#)ait
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Figure 3. yml vs T plot for 2. The solid line corresponds to the
theoretical curves, of which parameters are given in the text.

J, representing magnetic interactions between the adjacént Fe
-«CLZ" ions and between the diagonalffFe-Fe** and Cé "+
-CW?* ions, respectively, where the magnetic interactions
through the cyanide ions and through the diagonal interactions
were respectively treated as being identical. The energy eigen-
values were calculated by using the isotropic Heisenberg
Hamiltonian of eq 1.

H= 2088+ S8+ 58 +5:8) -
23(SrS+58) (1)
The resulting expression gf,T derived by Kambe’s methéél
is
_ Ngg?
U] = T{ 30 exp[(2, + 4J,)/KT] + 6 exp[(—2], +
4J,)/KT] + 6 exp(D,/KT) + 6 explexpt2J; + 23,)/KT]}/
{5 exp[(, + 43,)/KT] + 3 exp[(—2], + 4J,)/KT] +
exp[(—4J, + 43,)/KT] + 4 exp(B,/KT) +
4 explexpt2J3; + 23,)/KT]}
The least squares calculation yielded the best fitting parameters
of g, J;, and J; values being 2.077(1), and 6.3(1) cthhand
—3.1(1) cn7?, respectively. In the molecular square Zfthe
Fe*t and Cé' ions, each havingsdand dr spin, respectively,

are alternately bridged by the cyanide ions and the strict
orthogonality in the square leads to the quintet spin ground state.
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dence of the; T abowe 7 K isquite characteristic of ferromag-
netically coupled systems. The magnetic datdwhs analyzed
by the four-spin model with exchange-coupling constdpend
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