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Cyanide-Bridged Fe—Fe and Fe—Co Molecular Squares:
Structures and Electrochemistry of [Fe} (u-CN),(bpy)s](PF),-4H,0,
[Fe!Co¥(u-CN),(bpy)s](PF),-3CHCI; -2 CH;CN, and

[Fe3 Co3" (u-CN),(bpy)s] (PF)s- 2 CHCl; - 4 CH;NO,

Hiroki Oshio,* Hironori Onodera, Osamu Tamada, Hideto Mizutani,
Takashi Hikichi, and Tasuku Ito!?!

Abstract: Cyanide-bridged iron-—iron
and iron-cobalt molecular squares of
[Fell(u-CN),(bpy)s] (PE), - 4FLO (1),
[Fel'Co¥ (u-CN),(bpy)s](PFy), - 3 CHCl,
2CH;CN (2), and [FelCol(u-CN),
(bpy)s](PFs)s-2CHCL; - 4 CH;NO,  (3)
(bpy =2,2'-bipyridine) were prepared.
X-ray structure analyses for 1-3 were
performed and their electrochemistry
was studied. In 1-3, four metal ions
are bridged by cyanide groups to form

remaining cis coordination sites are
occupied by cyanide-carbon or cyanide-
nitrogen atoms. In 1, Fe—C (cyanide)
(1.899(4)-1.927(4) A) and Fe—N(cya-
nide) (1.929(4)-1.950(4) A) distances
are typical of low-spin Fe?** ions. In 2,
Fe—C(cyanide) and Co?>*—N(cyanide)
bond lengths are in the range
1.919(5)-1.963(5) A and  1.850(5)-
2.017(5) A, respectively; in contrast,
shorter bond lengths are observed for

the metal to cyanide-carbon and cya-
nide-nitrogen (1.878(7)-1.893(7) A) in
3. As a result, the molecular squares in 1,
2, and 3 have sides of 4.947(1)-
4.986(1) A, 5.001(1)-5.053(1) A, and
4.910(1)-4.918(1) A, respectively. Mag-
netic susceptibility measurements re-
vealed that the Fe** and Co** ions in 1
and 3 are diamagnetic, while the high-
spin Co?* ions in 2 are weakly coupled
through the low-spin Fe** ions. Cyclic

tetranuclear macrocycles (“molecular
squares”). Each metal ion in the square
is six-coordinate; four of the coordina-
tion sites are occupied by the nitrogen
atoms of two of bpy ligands and the

Introduction

Cyanide ions bridge a variety of metal ions and form
assembled systems. Prussian blue analogues, cyanide-bridged
infinite three-dimensional (3D) systems, have attracted in-
tense research interest in view of their magnetic and magneto-
optical properties. A variety of cyanide-bridged infinite
systems formulated as M, [M(CN)] or M,[M(CN);] (M and
M’ are transition metal ions) display bulk magnetism and their
Curie temperature ranges from 5 K to room temperature,!!)
where Prussian blue, Fel'[Fe(CN)y];- 15H,0, shows ferro-
magnetic ordering at 5.6 K.?l External influences such as light
and electrical potential have been reported to control the
magnetic transition in the cyanide-bridged compounds.P!
Magnetic ordering phenomena in Co,[Fe(CN)]"~ is governed
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voltammograms of the squares are pre-
sented, and the electrochemically gen-
erated mixed-valent species [FelFel (u-
CN),(bpy)s]®* was discussed in terms of
the intervalence transfer band.

electrochemis-

by irradiation with light; this induced electron transfers back
and forth from Fe to Co™ and from Co! to Fe'! sites. In
contrast, hexacyanometalates [M(CN)4]*" have been used to
construct molecular architectures with high-spin ground
states.!! [Cr™(CN)4]*~ ions react with metal ions or cationic
complexes to give, for example, u-cyano heptanuclear com-
plexes with Cr'"Mnf and Cr'INi{! cores, which have been
reported to have §=27/2 and 15/2 spin ground states,
respectively.’! Such high-spin molecules are expected to
display new physical phenomena of spin quantum tunneling,
large magnetic anisotropy, and superparamagnetism. Recent-
ly, an organometallic approach has provided a rational route
to cyanide-bridged molecular boxes with Rhg, Cr,Co4, and
Cog cores.®! The development of versatile synthetic routes to
prepare mixed-metal clusters provides an opportunity to
study interactions between metal ions, and structural infor-
mation may help to understand the dynamic behavior in the
amorphous systems. We have now synthesized a class of
cyanide-bridged cluster molecules of the general formula
[Fe,M,(u-CN)4(bpy)e]™ (M =the late first-row transition
metal ions; bpy = 2,2"-bipyridine) in which cyanide ions bridge
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four metal ions to form a macrocyclic tetranuclear core—a so-
called molecular square. Herein we present syntheses, crystal
structures, and electrochemistry of [Fell(u-CN),(bpy)s]-
(PFe),-4H,0 (1), [Fe3'Co3!(u-CN)y(bpy)s](PF),- 3 CHC; -
2CH;CN (2), and [FelYCoM!(u-CN),(bpy)s](PF)s-2 CHCI;-
4CH;NO, (3).

Results and Discussion

Description of the structure

ORTEP diagrams of complex cations in 1-3 are depicted in
Figure 1 and 2, and their selected bond lengths and angles are
listed in Table 1.

o

1

Figure 1. Structure of a square cation in 1 (ORTEP diagrams; 30 %
probability).

Abstract in Japanese:
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Table 1. Bond lengths [A] and angles [°] of core structures in 1-3.
[Fel! (u-CN),(bpy)s](PFe), - 4 H,O (1)

Fe(1)—-C(1) 1.899(4) Fe(1)~C(2) 1.915(4)
Fe(2)-N(1) 1.932(5) Fe(2)-N(3) 1.950(4)
Fe(3)—C(4) 1.905(4) Fe(3)-C(3) 1.927(4)
Fe(4)-N(4) 1.929(4) Fe(4)-N(2) 1.939(4)
N(1)-C(1) 1.149(6) N(2)-C(2) 1.154(6)
N(3)-C(3) 1.144(6) N(4)-C(4) 1.153(6)
Fe(1) - Fe(2) 4.963(1) Fe(2) -+ Fe(3) 4.986(1)
Fe(3)---Fe(4) 4.947(1) Fe(1)---Fe(4) 4.975(1)
Fe(1)---Fe(3) 7.009(2) Fe(2)..Fe(4) 6.927(1)
C(1)-Fe(1)-C(2) 89.9(2) N(1)-Fe(2)-N(3) 88.9(2)
C(4)-Fe(3)-C(3) 90.5(2) N(4)-Fe(4)-N(2) 89.7(2)
C(1)-N(1)-Fe(2) 170.7(4) C(2)-N(2)-Fe(4) 170.5(4)
C(3)-N(3)-Fe(2) 169.0(4) C(4)-N(4)-Fe(4) 173.9(4)
N(1)-C(1)-Fe(1) 172.3(4) N(2)-C(2)-Fe(1) 173.5(4)
N(3)-C(3)-Fe(3) 175.4(4) N(4)-C(4)-Fe(3) 173.2(4)
[FelColl(u-CN),(bpy)s](PFs),-3 CHCl; - 2 CH;CN (2)
Fe(1)—C(1) 1.919(5) Fe(1)—C(4) 1.919(4)
Fe(2)—C(2) 1.952(5) Fe(2)—C(3) 1.963(5)
Co(1)-N(2) 1.980(5) Co(1)-N(1) 1.994(5)
Co(2)—N(4) 1.996(4) Co(2)-N(3) 2.017(5)
N(1)—C(1) 1.142(6) N(2)—C(2) 1.135(6)
N(3)—C(3) 1.115(6) N(4)—C(4) 1.121(6)
Fe(1)--- Co(1) 5.005(1) Fe(1)--- Co(2) 5.001(1)
Fe(2)---Co(1) 5.034(1) Fe(2)---Co(2) 5.053(1)
Fe(1)---Fe(2) 7.010(2) Co(1)---Co(2) 7.173(1)
C(1)-Fe(1)-C(4) 91.94(17) C(2)-Fe(2)-C(3) 91.73(19)
N(2)-Co(1)-N(1) 91.17(17) N(4)-Co(2)-N(3) 89.86(17)
C(1)-N(1)-Co(1) 166.7(4) C(2)-N(2)-Co(1) 170.2(4)
C(3)-N(3)-Co(2) 167.9(4) C(4)-N(4)-Co(2) 172.5(4)
N(1)-C(1)-Fe(1) 174.8(4) N(2)-C(2)-Fe(2) 174.4(4)
N(3)-C(3)-Fe(2) 173.6(5) N(4)-C(4)-Fe(1) 171.8(4)
[Fe!! Co(u-CN),(bpy)s](PF¢) -2 CHCy - 4CH,NO, (3)
Co—N(1) 1.893(6) Co-N(2) 1.887(6)
Fe—C(1) 1.878(7) Fe—C(2) 1.893(7)
N(1)-C(1) 1.151(8) N@2)-C(2)* 1.161(8)
Fe---Co 4.918(1) Fe - Co* 4.910(1)
Fe---Fe* 6.983(2) Co--- Co* 6.916(1)
N(2)-Co-N(1) 89.9(2) C(1)-Fe-C(2) 88.9(3)
C(1)-N(1)-Co 175.6(6) C(2)*-N(2)-Co 171.9(6)
N(1)-C(1)-Fe 175.5(6) N(2)*-C(2)-Fe 173.4(6)

Key to symmetry operation: * —x+1, —y+1, —z+1.

[Fell(u-CN),(bpy)sl(PFy),-4H,0 (1): Complex cation 1 is a
tetranuclear macrocycle composed of four cyanide-bridged
low-spin Fe?* ions, and the overall geometry of the macrocycle
is nearly square (Figure 1). The iron ions in the square are six-
coordinate; four coordination sites are occupied by four
nitrogen atoms from two bpy ligands and the remaining cis
positions are coordinated by either carbon or nitrogen atoms
of the cyanide groups. In the cyanide ions, the carbon and
nitrogen atoms act as s acceptor and o donor, respectively,
and this Lewis acid—base character increases the m-bonding
and o-antibonding character of the iron ion with the cyanide-
carbon and -nitrogen atoms.[”! Therefore, it is reasonable to
expect that the Fe''-C(cyanide) bond length is shorter than
the Fe"™N(cyanide) bond length. The Fe"™-N(cyanide) and
Fe™-C(cyanide) distances lie in the range 1.929(4)-
1.950(4) A and 1.899(4)—-1.927(4) A, respectively, while the
Fe-N(bpy) bond lengths are between 1.950(4) and
1.981(4) A. The C-Fe!-C and N-Fe!l-N bond angles are close
to a right angle (88.9(2)-90.5(2)°); the Fe''N-C and Fe'-C-N
bond angles (169.0(4)-175.4(4)°), however, deviate from
180°, characteristic of the sp hybridization of the cyanide
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Figure 2. Structures of the of square cations in 2 and 3 (ORTEP diagrams; 30 % probability). Top: top view; bottom: side view.

group. The strong m-back donation imposes pronounced sp?
character on the cyanide, which results in the deviation from
180°. In the square of 1, the cyanide bridges separate the two
Fe?* ions with interatomic distances of 4.947(1)-4.986(1) A.

[Fe3'Co'(u-CN)4(bpy)s] (PF,), - 3 CHCl; - 2 CH;CN(PF), (2):
Complex 2 crystallizes in the triclinic space group Pl The
square in 2 is composed of Fe?* (low-spin) and Co?* (high-
spin) ions alternately bridged with the cyanide ions; the
coordination sites of the six-coordinate metal centers are
occupied by four nitrogen atoms from two bpy ligands and
either two cyanide-carbon or -nitrogen atoms. In the structure
analysis of 2 (Figure 2), the assignment of metal ions, cyanide-
carbon and -nitrogen atoms is sometimes difficult. Taking into
consideration that the st-back bonding character of a Fe?* ion
is stronger than that of a Co®* ion, the Fe?* ions should be
coordinated by the cyanide-carbon atoms, and as a result the
Fe"—C(cyanide) bonds should be shorter than the Co!''-N-
(cyanide) bonds. Thus, the combinations with the shorter
metal-to-ligand distances were assigned to the Fe—C(cyanide)

Chem. Eur. J. 2000, 6, No. 14
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pairs. In 2, the Fe!"™-C and Co"™N (cyanide) bond lengths are
1.919(5)-1.963(5) A and 1.994(5)-2.015(5) A, respectively,
while the FeN(bpy) (1.978(4)-2.039(4) A) and Co*'—
N(bpy) (2.018(5)-2.056(4) A) bond lengths are slightly
longer. The C-Fe-C and N-Co'-N bond angles range
between 89.86(17) and 91.94°. The square in 2 has the edge-
to-edge distances (Fe!---Co") of 5.001(1)-5.053(1) A. Indi-
vidual squares in 1 and 2 are chiral, but the crystal as a whole
is racemic. Each metal ion in the squares 1 and 2 has either a
AAAA or a AAAA configuration.

[Fel'Col (4-CN)4(bpy)s](PFy)s-2CHCL-4CH,NO,  (3):
Complex 3 crystallizes in the monoclinic space group P2,/n
and the complex cation resides on a center of inversion. In 3
the tetranuclear core has the absolute configurations of either
AAAA or AAAA for the Fe?t, Co**, Fe?t, and Co** ions. In 3,
six-coordinate Fe?* (low-spin) and Co** (low-spin) ions are
alternately bridged by the cyanide ions. Observed bond
lengths between the metal and cyanide-carbon or -nitrogen
atoms in 3 are quite similar, therefore, the assignments of
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metal ions and cyanide carbon or nitrogen atoms are tentative
and remain ambiguous. The orientation of the cyanide groups
might be disordered. The bond lengths between the metal ions
and cyanide-carbon or cyanide-nitrogen atoms are the short-
est for the squares reported herein (1.878(7)-1.893(7) A).
The C—N(cyanide) distances (1.151(8) and 1.161(8) A) in 3
are longer than those observed in 1 (1.144(6) - 1.154(6) A) and
2 (1.115(6) - 1.142(6) A). In 3, the mt-back donation leading to
the long C—N(cyanide) and short Fe>*—C bond lengths is more
pronounced since the Co*" moieties can act as Lewis acids.
The sides of the square (Fe?*---Co*") are 4.910(1) and
4.918(1) A and in this case the angular deviation from a right
angle is less than 2°.

Magnetic properties and IR spectra

Magnetic susceptibility measurements reveal that 1 and 3 are
diamagnetic, which implies the Fe?* and Co** ions are in the
low-spin state. In 2, the high-spin Co?* ions are antiferromag-
netically coupled through the diamagnetic Fe?* ions and the
exchange coupling constant J(H = —2JS5:,S¢,) wWas estimated
tobe —2.7 cm~L

CN stretching frequencies of the cyanide groups are
generally sensitive to the bond lengths (dcy) of the CN
groups and to the oxidation state of the coordinated metal
ions. The C—-N bond lengths in [Fe(CN),(phen),]® and
[Fe(CN),(bpy),](CIO,)® are 1.149(7)-1.151(7) A  and
1.123(9)-1.135(1) A, respectively, and the former showed
strong IR signals of v(CN) at 2075 and 2062 cm~!, whereas the
latter has a barely detectable IR band at 2120 cm~.! Table 2
lists the v(CN) frequencies of the cyanide groups in 1-3.

Table 2. v(CN) stretching frequencies in 1-3 and related compound.

Compound v(CN)/em™!
[Fe''(CN),(bpy).] 2074

1 2083, 2112, 2129
2 2095

3 2125

X-ray structure analyses showed that the CN bond lengths in
1-3 (den=1.144(6) - 1.154(6) (1), 1.115(6) —1.142(6) (2), and
1.151(8) - 1.161(8) A (3)) depend on the metal ions and their
oxidation states. However, the v(CN) frequencies in the
square do not show systematic changes with the C—N bond
lengths.

Electrochemistry

Cyclic voltammograms of 1-3 were measured in CH;CN
containing of 0.1m [ (fBu),N](PF) at a scan rate of 100 mVs™!
at 20°C. The cyclic voltammetric data for 1-3 are summar-
ized in Table 3.

[Fell (u-CN),(bpy)sl(PFy), - 4H,0 (1): The square cations in 1
are abbreviated as [Fe(CN)Fe(NC)Fe(CN)Fe(NC)]**. The
cyclic voltammogram (Figure 3) of 1 showed quasi-reversible
waves at 0.67V (AE,=70mV) and 0.86 V (AE,=80 mV)
versus SSCE, followed by an irreversible wave at 1.37 V.[10

2526 ——
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Table 3. Cyclic voltammetry data V versus SSCE for 1-3.

Compound E, [ E, ! E, b
[Fe'(CN),(bpy),] 0.51 0.43 0.47
1 0.70 0.63 0.67
0.90 0.82 0.86
2 0.9 0.23
1.1
1.51 1.39 1.45
3 0.47 0.23 -
1.42 1.34 1.38
1.55 1.47 1.51

[a] Volts vs SSCE, a glassy carbon working electrode, CH;CN containing
0.1m [Bu,N]PFg, scan rate of 100 mV's~!, 20°C. [b] E,;, = (E,, + E,0)/2.

10 pA <

1 1 I 1
1500 1000 500 0

mV vs. SSCE
Figure 3. Cyclic voltammogram of 1 in acetonitrile.

Controlled potential coulometry at 1.0 V revealed that the
two quasi-reversible waves correspond to an overall two-
electron process. In the square of 1, two coordination sites of
the Fe?* ions are occupied by either cyanide-carbon or
-nitrogen atoms. The d orbitals of the Fe?* jon with the
cyanide-carbon atoms were stabilized by the mt-back donation,
while the o-donor character of the cyanide-nitrogen destabil-
izes the d orbitals of the Fe?t ion. Therefore, the first two
quasi-reversible processes occur at the Fe** ions coordinated
to the cyanide-nitrogen atoms. The first two-step redox
behavior is interpreted as shown in Equation (1).

[Fe"(CN)Fe'(NC)Fe'(CN)Fe'(NC) |*+

[Fe'((CN)Fe!"(NC)Fe!'(CN)Fe'(NC) |+

+e

[Fe'((CN)Fe!((NC)Fe'((CN)Fe!"(NC) |6+ )

+e

The separation between the first and second redox waves at
0.67 and 0.86 V is a measure of the stability of the mixed-
valent species, [Fe''(CN)Fe™(NC)Fe"(CN)Fe(NC) |>*, which
is imparted by the electron delocalization. This is generally
represented as a comproportionation constant K, defined as
in Equation (2).

[Fe(CN)Fe(NC)Fe!(CN)Fe'(NC) |+ +
[Fe!'(CN)Fe!'(NC)Fe'(CN)Fe(NC) |**
<= 2 [Fell(CN)Fell(NC)Fe!l(CN)Fel(NC) >+ )
The observed peak separation (AE=0.19 V) yields the

comproportionation constant K,=2.4 x 10* in Equation (2),
which indicates a moderate thermodynamic stability for the
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mixed-valent species. On the other hand, the irreversible
wave at 1.37 V can be assigned to the oxidation wave of the
Fe?* ion coordinated by the cyanide-carbon atoms. The
separation between the potentials for the second and the
third oxidation steps is very large (0.51 V=137 —-0.86 V).
The electrochemistry of polynuclear ruthenium complexes
has been extensively studied;'!l a trinuclear cyanide-bridged
ruthenium complex, [NC-Ru(bpy),-CN-Ru(bpy),-NC-Ru(b-
py)»-CN](PFy),, showed cyclovoltammetric waves at 0.66 and
1.19 V (vs. SCE), which were assigned to the redox waves of
cyanide-nitrogen- and -carbon-coordinated Ru** ions, respec-
tively.l'l The observed potential separation (0.503 V) has a
contribution from the asymmetry of the bridged cyanide;
however, it was pointed out by Bignozzi et al.l'l that based on
the analysis of MLCT bands the redox asymmetry should not
contribute more than 0.2-0.3 V to the potential separation. In
this case the degree of separation attributable to the electron
delocalization through the cyanide bridges was estimated to
be about 0.3 V. The observed large separation (0.51 V) for 1
can be justified on the basis of the redox asymmetry and the
electron delocalization factor, which was confirmed by the
observation of an intervalence transition (IT) band in the
electrochemically generated [Fe(CN)Fe™(NC)Fe"(CN)-
Fel'(NC) ]+ state.

The electronic spectrum of 1 in acetonitrile was measured
(Figure 4) together with controlled-potential absorption spec-
tra performed at —30°C. The UV region of the spectrum of 1

20
T 15
£
o
2 1o
e
@
5+
(0]

500 1000

A/nm

Figure 4. Electronic absorption spectra for 1 in the isolated (solid line),
one-electron (dotted line), and two-electron oxidized (broken line) states.
Spectroelectrochemical experiments were carried out at —30°C in an
optical transparent thin-layer electrode made of a platinum grid placed
between the window of a 2 mm spectrophotometric cell directly mounted
on a spectrophotometer. Electrochemical oxidations were carried out with
the counter electrode of Pt wire separated from the cathodic compartment
by a frit, and Pt wire and SSCE were used for counter and reference
electrodes, respectively.

is dominated by the ;t—t* transition of the bpy ligands, while
the visible region of the spectrum of 1 consists of metal-to-
ligand charge transfer (MLCT)(d-st*) transitions character-
istic of the [Fe(bpy),]** unit. As the [Fe''(CN)Fe'(NC)-
Fel'(CN)Fe!'(NC) ]>* state is generated for 1 on one-electron
oxidation at 0.76 V (vs. SSCE), the intensity of the MLCT
band at 564 nm (¢ =20000M'cm™') decreases and its max-
imum is blue-shifted and a new band grows in the near-IR

Chem. Eur. J. 2000, 6, No. 14
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region. After two-electron oxidation at 1.0 V, the MLCT band
shifts to the higher energy region and its intensity decreases
and a new band appears at 1380 nm (e =8600M~' cm~"), which
can be assigned to the metal-to-metal intervalence transition
(IT) for the [Fe''(CN)Fe(NC)Fe"(CN)Fe(NC)]** state.
When the results derived by Hush(®l for mixed-valent
complexes is applied to the [Fe(CN)Fe™(NC)Fe'(CN)-
Fe(NC)]5* state, the parameters of the IT band (e=
4300m~'ecm™! for two chromophores, vv,,,,=7230 cm~!, and
A7, =1450 cm~!) with the iron—iron distance (5 A) taken
from the X-ray data led to an electronic interaction matrix
element (H,z) of 870cm~' and a degree of electronic
delocalization (a?) of 0.014. The value of «® is comparable
to the reported data for dinuclear ion of [(CN)sFe"(NC)-
Fe'(CN);]°~ (a2 =0.03).11 The small degree of delocalization,
which is in contrast to larger delocalizaion in the reported
dinuclear complex of [NC-Ru(bpy),-(CN)-Ru(bpy),-
CN**(H s =2000 cm~! and o?=0.07),I"5] shows the class II
behavior.['!

[Fe} Co} (u-CN)4(bpy)s](PF),- 3CHCI; - 2 CH;CN(PFy), (2)
and [Fel'Col"(#-CN),(bpy)s](PF¢)¢-2 CHCl;-4CH;NO, (3):
In this section, electrochemically generated valence states of
the squares in 2 and 3 are abbreviated as [Fel,Fell-
Col' ,,Colll|@¢+n+my+ 2] and [3] (n and m=0, 1 or 2),
respectively. The cyclic voltammogram of 3 in CH;CN
containing 0.1m [ (rBu),N](PF) at 20°C is shown in Figure 5.

20 pA —>
<+
T T T T
1500 1000 500 0
mV vs. SSCE

Figure 5. Cyclic voltammogram in 3 in acetonitrile.

The cyclic voltammogram of 3 shows unresolved waves at
0.23-0.47 V and resolved double waves at 1.38 and 1.51 V
(versus SSCE), and the former redox waves can be analyzed
to be superimposed double waves at 0.28 and 0.43 V by using
Taube’s analysis.'”l In the square of 1, the Fe?* ions
coordinated to the cyanide-nitrogen atoms are oxidized at
potentials of 0.67 and 0.86 V. The first two closely spaced
waves at 0.28 and 0.43 V can be, therefore, assigned to the
one-electron processes at cobalt centers (Co/Co™), while the
well-resolved double waves at 1.37 and 1.51 V correspond to
the two-step one-electron transfer processes (Fe!/Fe') at the
iron centers coordinated by the cyanide-carbon atoms as
shown in Equation (3).

[Fel"Coll}*[3]
— [FelFeColl|"*[3] == [Fe}CoCo]**[3]

= [FelCoiT*[3] ©)
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The cyclic voltammogram of 2 (Figure 6) shows quite
different behavior from that of 3. When the cyclic voltammo-
gram was measured in the potential range from —0.2 to
+1.7 V (vs. SSCE), three oxidation peaks at 0.9, 1.1 and 1.51 V

@
.
ﬁ ©
4

(b)

20 pA

(@)

I I T T
1500 1000 500 0
mV vs. SSCE

Figure 6. Cyclic voltammogram of of 2 in acetonitrile from a) —0.2 to
+17V,b) —02to +1.2V,c) =02 to +0.7V, and d) —0.2 to +0.4 V.

(labeled 3, 2, and 1) are seen on the positive potential scan,
while two reduction peaks at 1.39 and 0.23 V (labeled 1" and 4)
are observed on the subsequent negative scan. The quasi-
reversible anodic wave at E}/* = 1.45 V (= (1.51+1.39)/2) can
be assigned to a two-electron process (for two Fe centers)
leading to [Fel"Col"[#+[2]. The peak 4 was not observed in
the cyclic voltammogram recorded for the potential scan from
—0.2V to 0.4 V; however, the peak 4 increased as the scans
were made to higher positve potentials (0.7-1.7 V; Fig-
ure 6a—d). Considering peak potential and current, the peaks
3 and 2 arise from the oxidation to [Fel!Co™Co"[]**[2] and
[Fe¥Colll]+[2], respectively, and the peak 4 is attributable to
the reduction to [Fe¥Co¥]**[2]. The possible electron transfer
processes are outlined in Scheme 1.

[Fe3 Coz' 1 (2]

+2e
+2¢”

[Felzllcolzll ]8+ [2]

Mo

[Felzlcolzll]6+[2] [FeIZICOIICOIII]S+[2]

[Fel Coll 14+[2]

Scheme 1.

The cyclic voltammograms of 2 and 3 showed quite
different electron transfer processes, which can be understood
by the structures of the squares. X-ray structure analyses
revealed that the distances between the metal ions and the
cyanide-carbon and -nitrogen atoms in 3 (1.878(7)-
1.893(7) A) are shorter than those in 2 (1.919(5)-2.017(5) A).
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As a result, the square in 3 (4.910(1)-4.918(1) A) is smaller
than that in 2 (5.001(1)-5.053(1) A). The difference in bond
lengths and size can be understood in terms of the acidity of
the cobalt ions. The Co** ions in 3 act as a stronger Lewis acid
than the Co?* ions in 2, which prompts the 5i-back donation of
the Fe?* ion to the cyanide groups in 3. It can be expected that
the size of the [FeJ'Col'[*+ cores in 2 and 3 becomes smaller as
the core is oxidized. On the other hand, the ligand bpy in 2 and
3 forms intra-square m—um stacks. The shortest interatomic
distances (Figure 2) between the stacked bpy ligands in 3
(C15---C25 3.66(1) A) is found to be longer than that in 2
(C16---C82 3.516(8) A and C37---C63 3.53(1) A), in spite of
the fact that the square in 3 is smaller than that in 2. As
[Fel'Col]*r[2] is electrochemically oxidized, the closer con-
tact of the stacked bpy ligands interferes with the shrinking of
the square and this might lead to the two-step oxidation with
higher potential than for 3, while [Fel!Col']**[3] is not so
sterically hindered as the core is oxidized. When the Co’* ions
in [FelCo"Co"]3*[2] [Fel'Col']*+[2], and [Fel'Col']**[2]
states are reduced to Co** ions, that is in negative potential
scans, no steric hindrance exists for the expansion of the
square and the cores are reduced at the same potential as in 3.
However, at present it is unclear whether the iron sites in 3
showed two-step electron transfer process in contrast to the
one-step two electron transfer process in 2, although the
electronic interaction between the iron centers through the
CN-Co**-NC groups are weak for both 2 and 3.

Conclusion

Co,[Fe(CN)s] has been proven to show photo-induced
magnetic ordering, resulting from the light-induced electron
transfer between Co>* and Fe** or between Fe** and Co**
ions.’l We have carried out a photo-irradiation experiment on
the mixed-valent square of [Fel!Col(u-CN),(bpy)s](PF¢)s-
2CHCI;-4CH;NO, (3) in butylonitrile solution at 7 K. We
expected that a photo-induced electron-transferred species
(high-spin  species) of [FeTFeCo™Co!(u-CN),(bpy)s]**
would be observed. UV/Vis spectra of 3 before and after the
light irradiation (400 nm to 700 nm by using a Xenon ramp
with filters) were, however, identical, indicating that the
electron transfer either did not take place or that the back
electron transfer process was too rapid to be detected at this
temperature.

Cyanide ions have the potential to form assemblies with
metal ions and propagate not only magnetic but also
electronic interactions, which are closely related. It should
be possible to introduce a variety of metal ions into the
molecular squares, the structural and physicochemical studies
of which should allow a better understanding of metal —metal
interactions mediated by cyanide bridges.

Experimental Section

Syntheses: All chemicals were used as received without further purifica-
tion.
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[Fel! (z-CN)(bpy)s1(PF),- 4H,0 (1):

Table 4. Crystal data and structure refinement for 1-3.

All procedures were carried out under

. R 1 2 3

nitrogen atmosphere. A solution of
FeCl,-4H,0 (0.08 mg, 0.4 mmol) in chemical formula CgHy,F, Fe N, O,P, CyH;;ClyCo,F,,Fe,N,,P, CyoH75ClsCo,F3Fe,N,,O4P¢
methanol (10mL) was added to a fw 2228.88 2603.24 2935.84
solution of [Fe(CN),(bpy),]"¥! (0.17 g, T[°C) —100 —70 =70
0.4 mmol) in methanol (10 mL). To crystal system triclinic triclinic monoclinic
the resulting dark red solution, 2,2'bi-  space group P1 (no.2) P1 (no.2) P2,/n (no.14)
pyridine (0.024 mg, 0.8 mmol) and a[A] 15.216(3) 13.501(3) 14.735(5)
NH,PF, (0.26 g, 1.6 mmol) were added b [A] 24.108(3) 14.138(3) 15.429(4)
and dark violet microcrystalline mate- c[A] 13.359(2) 29.243(6) 25.421(3)
rial was filtered by suction. Dark violet a[°] 100.18(1) 77.43(3)
tablets suitable for X-ray analysis were A1 101.64(1) 81.04(3) 95.42(2)
obtained by layering a solution of 1 in v [°] 74.46(1) 82.32(3)
acetonitrile with chloroform. Elemen-  volume [A3] 4585(1) 5353.0(18) 5754(3)
tal analysis caled for CgHgF,Fe, 7 2 2 2
N,P,: C46.78, H 2.99, N 12.99; found: A [A] 0.71073 0.71073 0.71073
C 4678, H 320, N 12.89. Peaea [2Em 7] 1.794 1.612 1.692

P . #(Moy,) [mm-] 0.816 0.994 0.805
g%ﬁ%‘;:(;cﬂjgg’ py();::(PF[;);u(CN)Z_ transmission coeff.  0.930-0988 0.624-0.894 0.920-0975
(bpy)s] (55 mg, 0.13 mmol) in MeOH obs; refl. criterion I1>20(1) I1>20(1) I>20(I)
(25mL) was added to a solution of R1® 0.0518 0.0691 0.0754

R2M 0.1456 0.1800 0.1837

CoCl,-6H,0 (31 mg, 0.13 mmol) and

bpy (41 mg, 0.26 mmol) in methanol
(25 mL). After the mixture had been
stirred for a day, addition of NH,PF,
(85mg, 0.52mmol) in methanol
(25mL) gave a red powder. Recrys-
tallization by slow diffusion of chloroform into a solution of 2 in acetonitrile
yielded red crystals. Elemental analysis calcd for CgHg,Co,F,,Fe,N,P,: C
46.65, H 2.98, N 12.95; found: C 46.90, H 2.83, N 12.71.

[Fel' Col™ (4-CN),(bpy)s](PF),-2CHClL, - 4CH,NO,  (3):  [Fe!(CN),-
(bpy),](PE-)!! (61 mg, 0.13 mmol) in MeOH (25 mL) was added to a
solution of CoCl,-6H,0 (31 mg, 0.13 mmol) in methanol (25 mL). After
the mixture had been stirred for three days, addition of NH,PF, (85 mg,
0.52 mmol) in methanol (25 mL) gave a brown powder. Recrystallization
by slow diffusion of chloroform into a solution of 3 in nitromethane yielded
dark red crystals. Elemental analysis caled for CgHg,Co,F3Fe,NyPy: C
41.13, H 2.63, N 11.41; found: C 41.20, H 2.81, N 11.53.

2F2)/3.

Electrochemical measurements and UV/Vis spectra: Cyclic voltammetry
(CV) and differential-pulse voltammetry (DPV) were carried out in
nitrogen-purged acetonitrile solution at room temperature with use of a
BAS CV-50W voltammetric analyzer. A glassy carbon 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 10~*m, and tetrabutylammo-
nium hexafluorophosphate (0.1m) was used as the suporting electrolyte.
CV was performed at a scan rate of 100 mVs~!. All the half-wave potentials
E\p=(E,+ E,)2, where E,. and E,, are the cathodic and anodic peak
potential, respectively, are reported with respect to the SSCE in this study.
Controlled-potential absorption spectra were obtained with an optically
transparent thin-layer electrode (OTTLE) cell. The working electrode was
platinum mesh. The counter electrode was a platinum coil. The reference
electrode was an SSCE. Spectroelectrochemical measurements were
carried out using a Hokutodenko HA-501 potentiostat. The OTTLE cell
was cooled to about —30°C. All electrochemical and spectroelectrochem-
ical measurements were carried out under a nitrogen atmosphere.

Magnetic measurement: Magnetic susceptibility data were collected in the
temperature range of 2.0 to 300 K and in an applied 10 K G field with the
use of a Quantum Design model MPMS SQUID magnetometer. Pascal’s
constants?”! were used to determine the constituent atom diamagnetism.

Crystallography: Crystallographic data for 1-3 are listed in Table 4. The
data were collected at —70°C (Mog,=0.71073 A) on a Rigaku AFC7S
diffractometer for 1 and 3 and on a Bruker SMART 1000 diffractometer
fitted with a CCD-type area detector for 2 by using the w-26 scan method,
within the limits 2 <6 <25° (1), 2<6<26 (2), and 2<6<25° (3). An
empirical absorption correction was applied (SADABS for 2, and psi-scan
for 1 and 2). The structures were solved by direct methods and refined by
the full-matrix least-squares method on all F? data by using SHELEX-97
(G. M. Sheldrick, Universitiat Gottingen, Germany, 1997) for 1 and 3 and by
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[a] R1=Z||F,| — |F.||/Z| F,|. [b] wR2 =[Z[w(F? — F})}/Z[w(F2?)?]]>°, w=1/[c*(F?) + (0.1008 P)> +7.3710 P] for
1, w=1/[0*(F?) + (0.1258 P)* +2.6557 P] for 2, and w = 1/[0*(F2) + (0.1126 P)*>+ 7.4704 P] for 3 where P = (F?+

using the SHELXTL 5.1 package (Bruker Analytical X-ray Systems) for 2.
All non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were included in calculated positions and refined with
isotropic thermal parameters riding on the parent atoms. One of the PF;~
ions in 1-3 was found to be disordered and a split-atom model with a 1:1
occupancy was applied. Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-136744 (1), CCDC-136745 (2), and CCDC-136746 (3). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk).
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