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To investigate how the central diamagnetic cyanidometal influences the distant magnetic interaction of
cyanide-bridged Fe(I1T)-M(II)-Fe(II) complexes, cis-[Cp(dppe)Fe"(NC)M"(L),(CN)Fe"(dppe) Cp][PF4l,
(M =0s, L=bpy 1; M =0s, L =phen 2; M =Fe, L =bpy 3; M =Fe, L = phen 4), and their one-electron
oxidation products 5-7 and two-electron oxidation products 8-11 were synthesized and fully

=

characterized. The cyclic voltammetry of complexes 1-4 suggests that both NC-Os"(L),-CN and NC-

Fe"(L),-CN have electronic communication ability. The electronic absorption spectroscopy suggests the
presence of the central M" to the terminal Fe and the terminal Fe"" to the terminal Fe™ metal to metal
charge transfers (MMCTSs) in 5-7 and the central M" to the terminal Fe"™ MMCTs in 8-11. Moreover, for

the two-electron oxidation products the MMCT energy increases with the central metal of the order Fe <

o

Os < Ru. The two-electron oxidation complexes 8 and 9 exhibit a strong antiferromagnetic coupling (J =
-26 cm’™') between the two distant Fe'" ions although separated by the diamagnetic cyanidometal NC-
0s"(L),-CN bridge. To the best of our knowledge, this is the strongest magnetic coupling between the
distant paramagnetic metal ions across a diamagnetic cyanidometal bridge reported by far. For the two-

2

S

electron oxidation complexes 10 and 11 with the diamagnetic NC-Fe"(L),-CN bridge, however, the
distant two Fe'" ions posses only very weak antiferromagnetic coupling (J =-0.15 and -0.19 cm™).
Combined with our previous reported results, it could be found that the magnetic coupling strength
between the distant Fe"" ions increases with the diamagnetic cyanidometal bridge in the order of Fe < Ru
<Os.

magnetic coupling across a diamagnetic cyanidometal bridge.”” We

Introduction have reported that the distant Fe™ centres exhibit strong magnetic
coupling (J = -13.6 cm™) even though the two distant Fe™ centres are
separated by the diamagnetic cyanidometal NC-Ru"-CN bridge.” The

so theoretical investigation has shown that the spin delocalization

2

o

In the past decades, cyanide-bridged complexes with fascinating
magnetic properties have received considerable attention due to their
potential applications as g)hotomagnetic material4sl, high 7. magnets®, mechanism should be responsible for the strong magnetic coupling."®
single-molecule magnets’, single-chain magnets”, and spin crossover
materials’. However, taking a diamagnetic cyanidometal as a
magnetic-communication bridge is still paid much less attention by
magnetochemists, although the work aimed at distant metal-metal
interactions in cyanide bridged trinuclear complexes was performed
by us®® and other groups.'® The reasons may be as follows: 1) The
magnetic interaction between two paramagnetic metal centres
decreases rapidly and even disappears when the distance between the

Thus, we are interested to investigate how the magnetic coupling
3

=5

between the distant Fe'" ions is influenced by the central diamagnetic
cyanidometal bridge. To understand this, M"(L)»(CN), (M = Os, Fe;
ss L = bpy, phen, bpy = 2, 2’- bipyridine, phen = 1, 10 - phenanthroline)
were selected as the diamagnetic bridge due to their different radial
extension of the d orbitals and their different degree of electron
density delocalization over the cyanide groups with respect to
Ru"(L),(CN),.'"*  Herein, we report the syntheses and
o0 characterizations of [Cp(dppe)Fe"(NC)M"(L),(CN)Fe"(dppe)Cp]
[PFs]» M = 0Os, L =bpy 1; M = Os, L = phen 2; M = Fe, L = bpy 3;
M = Fe, L = phen 4) (dppe = bis(diphenylphosphino) ethane, Cp =
cyclopentadienide anion), their one-electron oxidation products
[Cp(dppe)Fe (NC)M'(L)2(CN)Fe'(dppe) Cp][PFe]s (M = Os, L = bpy
6s 5; M = Os, L = phen 6; M = Fe, L = phen 7) and their two-electron
oxidation products [Cp(dppe)Fe" (NC)M"(L)2(CN)-
Fe"(dppe)Cp][PFels (M = Os, L = bpy 8; M = Os, L = phen 9; M =
Fe, L = bpy 10; M = Fe, L = phen 11). The MMCT properties of all

3

s

paramagnetic metal centres increases; 2) The validity of the
intramolecular magnetic interaction of such complexes is often
questionable, since it is easy to erroneously attribute the effects of

4

=3

intermolecular magnetic exchange to weak intramolecular
superexchange.'' Therefore, the design and synthesis of such
polynuclear complexes with a strong distant magnetic coupling is still
a challenge. To date, only a few examples of such complexes with
weak magnetic interaction have been reported.'” Recently, our
4s research interests have been focused on investigating the distant

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



Dalton Transactions

the oxidized products 5-11 are reported. The magnetic properties of

the two-electron oxidation products 8-11 were measured and are

discussed, and the results show that the magnetic coupling strength

between the distant Fe' centres increases with the diamagnetic
s cyanidometal bridge in the order of Fe"" < Ru" < Os'".

Results and Discussion
Synthesis and characterization

Reaction of cis-Os™(L)2(CN), (L = bpy, phen) with

Cp(dppe)Fe"(NCCH3)Br in the presence of NH4PFs gave rise to

10 the expected tri-nuclear complexes 1 and 2, respectively. Based

on the electrochemical oxidation potentials of 1 and 2 (vide

infra), Cp,Fe"(PFs) and AgPFs were chosen as oxidants for the

preparation of the oxidation species. Treatment of 1 and 2 with

one equiv of Cp,Fe"(PF¢) resulted in the solution colour

15 changing from red to brown and gave one-electron oxidation

products 5 and 6. The two-electron oxidation products 8 and 9

were prepared in a similar way by reaction of 5 and 6 with 1

equiv of AgPFg. The syntheses of 3 and 10 were performed as

previously reported by Vahrenkamp'®, and their structures had

20 not been obtained. Similar to the previous reportls, however, the

one-electron oxidation product of 3 could not be obtained.

Complexes 4, 7 and 11 were obtained in a similar way as

complexes 1, 5 and 8. All complexes 1-11 were characterized by

IR, electronic absorption spectra, elemental analysis, MS and

25 cyclic voltammetry. Moreover, the crystals of 1-4 and 6-10

suitable for the single-crystal X-ray diffraction analysis were

obtained by slow diffusion of diethylether their
dichloromethane or acetonitrile solution.

into

Crystal structures

30 Experimental crystallographic data for complexes 1-3 are given in
Table S1 in Supporting Information, and 4 and 6-10 are given in
Table 1. Selected bond lengths and angles for 1-3 are given in
Table S2, and 4 and 6-10 are given in Table 2. The molecular
structures of 1-4 and 6-10 are shown in Figures S1-S9,
35 respectively. The crystals crystallize in the monoclinic space
group P2,/n for 1, orthorhombic space group Phca for 2 and 4,
and monoclinic space group P2,/c for 3 and 6-10, respectively.
The backbone of all the trinulcear complexes adopts a V-shaped
configuration. The structures are composed of two terminal
40 CpFe(dppe) fragments bridged by a central low spin diamagnetic
M(L)2(CN)> (M = Fe and Os) bridge. The central M atom defines
a distorted octahedral coordination environment, and is linked by
four nitrogen atoms from the bpy or phen ligands and the
remaining two sites are coordinated by two carbon atoms from

45 the cyanide groups with a cis configuration.
As oxidation proceeds, the bond lengths of Fe-N decrease from 1 (av.
1.906 A) to 8 (av. 1.881 A) and those of Fe-P increase from 1
(av. 2.195 A) to 8 (av. 2.256 A), indicating the character of +2
and +3 oxidation state of the two Fe centres in 1 and 8,
50 respectively. Similarly, an obvious change in the bond lengths of
Fe-P can also be found for 2, 6 and 9. For 2, the bond length of
Fel-P (av. 2.198 A) is close to that of Fe2-P (av. 2.192 A) and
comparable to that of Fe-P in 1. As one-electron oxidation
proceeds, the different oxidation states of Fel (+2) and Fe2 (+3)
55 in the mixed valence complex 6 are also supported by the fact
that the bond length of Fel-P (av. 2.203 A) is shorter than that of

Fe2-P (av 2.253 A) due to the less back-binding from Fe2 to the
phosphorus ligands. As further oxidation proceeds, both the
comparable bond lengths of Fel-P (av. 2.268 A) and Fe2-P (av.

6o 2252 A)in 9 are close to that of Fe2-P (av 2.253 A) in 6,
indicating the character of +3 oxidation state of the two Fe
centres in 9.

The facts that the bond lengths of Fe-N decrease from 3 (av. 1.926 A)

to 10 (av. 1.899 A) and the bond lengths of Fe-P increase from 3
65 (av. 2.200 A) to 10 (av. 2.262 A), indicate the oxidation states of
the two Fe centres are +2 in 3 to +3 in 10, respectively. The Fe-P
bond lengths (Fel-P (av. 2.197A) and Fe2-P (av. 2.197 A)) and
Fe-N bond lengths (Fel-N (1.920(3) A) and Fe2-N (1.921(3) A)
in 4 are close to those in 1-3, suggesting the character of +2
70 oxidation state of the two Fe centres in 4. The different oxidation
state of Fel (+3) and Fe2 (+2) in 7 can also be found from their
Fe-P bond lengths (Fel-P, av 2.263 A; Fe2-P, av 2.202 A) and
Fe-N bond lengths (Fel-N, 1.888(4) A; Fe2-N, 1.910(4) A).
The bond distances of M"-C (1.953(13) and 1.976(14) A) in 1 and
75 (1.950(4) and 1.953(4) A) in 8 are longer than those in 3 (1.932(7)
and 1.921(7) A) and 10 (1.879(3) and 1.884(3) A ) due to the
larger radii of Os" than Fe". The similar phenomenon can also be
found in the phen-based complexes that the bond distance of M"-
C in 2 (1.997(13) and 2.003(13) A) and 6 (1.966(10) and
80 1.912(11) A) are longer than those in 4 (1.904(4) and 1.916(4) A)
and 7 (1.865(5) and 1.908(5) A).

The bond angles of C-M-C increase in the order of 94.2(5)° (1) <
95.8(2)°(8), 92.1(4)° (2) < 93.4(4)° (6) < 94.5(2)° (9), 91.9(3)° (3)
< 95.7(3)°(10) and 91.8(2)° (4) < 94.0(2)° (7). This changes can

85 be explained by the increase of electrostatic repulsion force
between the intramolecular positively charged iron centres from
1-4 to 6-10, respectively. For 1-10, The shortest intramolecular
Fe--M (M is the central metal Os or Fe) distances are 4.9 - 5.1 A,
the nearest bond-through Fe---Fe distances across the diamagnetic
90 cyanidometal NC-M"-CN bridge are 9.9 - 10.2 A, whereas the
intramolecuar space-through Fe---Fe separations are 7.44-7.95 A.
It should be noted that the shortest intermolecular distances of
Fe---Feare 9.485, 7.155 and 9.630 A for 8, 9 and 10, respectively.

Electrochemistry

9s Cyclic voltammetry studies were carried out on 1-4 to determine

their redox properties, as well as to establish whether the

oxidation products were stable and potentially isolable. The

cyclic voltammograms of complexes 1-4 in the acetonitrile

solution are shown in Figure 1. The cyclic voltammograms show

100 two reversible redox waves at +0.22 and +0.39 V for 1, +0.22

and +0.38 V for 2, +0.29 and +0.41 V for 3, and +0.28 and +0.40

V for 4, respectively. These two waves are assigned to Fe'-M"—

Fe'/Fe'-M"-Fe™ and Fe"-M"-Fe"/Fe"-M"-Fe"" processes.

This suggests that the one-electron and two-electron oxidation

105 products may be stable and potentially isolable for complexes 1-4.

More importantly, the potential splitting of the complexes

suggest that the NC-Os"-CN and NC-Fe'-CN bridges can
communicate electron between the two distant iron centres.

The potential separation of the Fe" ions in the Os(Il)-based

110 complexes (AE =170 mV (1) and 160 mV(2)) are larger than that

in the Ru(Il)-based complexes®® (4E = 110 mV) and Fe(II)-based

complexes (3 and 4, AE = 120 mV). It has been known that the

comproportionation constant (K.) is associated with the

thermodynamic stability of mixed valence complexes. According

2 | Journal Name, [year], [vol], 00—-00
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to K. = 10“5/59'"\’,16 where AE corresponds to the difference
measured by cyclic voltammetry of the half-wave potentials for
the first and second oxidations, it can be obtained that K. for 5, 6
and 7 is 761, 515 and 108, respectively.

s IR spectroscopy

To monitor the structural changes during the consecutive oxidation of
complexes 1-11, the IR spectra in the solid state samples (KBr
pellets) are collected. The cyanide stretching vibration (vcn) is
extremely sensitive to the coordination environment to metal

10 centres. The IR data for the CN stretching frequencies for
complexes 1-11 are listed in Table 3, and the infrared spectra of
1, 5 and 8 are shown in Figure 2, 2, 6 and 9 in Figure 3. Complex
1 exhibits a broad vey band (2074 cm™) with a shoulder peak
(2091 cm™). Obviously, the ven band position moves to the

15 higher frequency with respect to those in its precursor cis-
Os(bpy)2(CN), (2057, 2040 cm'l).”’ '8 Such a frequency increase
is mainly attributed to both kinematical coupling occurring when
a second metal is attached to the CN unit and the fact that the
cyanide N donated electron density from an anti-bonding

20 molecular orbital to the Fe' centre, thereby increasing the CN
force constant.'’ As one-electron oxidation proceeds, the mixed-
valence complex 5 exhibits two evidently separated vy bands
(2074 cm™ and 1992 cm™). The two N atoms of CN are
respectively attached to the Fe atoms with different positive

25 charges in 5, hence, it can be concluded that the low frequency
band (1992 cm™) should be assigned to the CN group attached to
the Fe" atom due to the increase of the back-bonding effect from
the central Os" into the CN bond by the withdrawal of electron
from the cyanide to Fe' resulting in the lower ven energy." The

30 band of 2074 cm™ should be assigned to the CN group attached
to the Fe" atom which environment is similar to that of complex
1. For the two-electron oxidation product 8 two 1cn bands (2039
em’! and 1987 em™) appear, resulting from the combination of
symmetric and asymmetric stretching frequencies in a cis-

35 configuration. Both the bands are significantly red-shifted
relevant to those in 1, this can be explained by the enhancement
of the © back-bonding from the carbon-bound metal (Os") into
the CN bond due to the cyanide is coordinated to the electron-
attracting Fe"" ions, leading to a weakening of the C=N bond and

40 hence resulting in a shift to lower frequency for CN."’ Similarly,
the ven band changes from 2 (2072 cm'l) to 6 (2072 crn’l, 1993
cm™) to 9 (2042 cm™,1993 cm™), from 3 (2094 cm™) to 10 (2035
em™)," and from 4 (2094cm™) to 7 (2094 cm™, 2033 em™) to 11
(2032 ecm™).

45 Moreover, it is worth noting from Table 3 that the cyanide stretching
(ven) of the mononuclear complexes M(L)y(CN),' '® 2
decreases in the order Fe > Ru > Os, suggesting the degree of
electron density delocalization over the cyanide groups from M"
increases in the order of Fe < Ru < Os. The increasing order of

50 the electron density delocalization is also reflected in the ven
changes of the trinuclear complexes 1-11. For example, ven of
the unoxidized complexes 1, 3 and the analogues cis-
Ru(bpy)2(CN),-bridged complex®? decreases with the order of
Fe (2094 cm™) > Ru (2086 cm™) > Os (2074 cm™). Also, for the

55 two-electron oxidation products of 8, 10 and the analogues cis-
Ru(bpy)2(CN),-bridged complex” the vey band decreases in the
order of Fe (2035 cm™)> Ru (2021 cm™)’> 0s(1987 cm™). The

similar phenomena have been in detail studied by other
chemists.?!

60 UV-vis-NIR spectroscopy

In order to investigate the electronic properties of complexes 1-11
with different oxidation states, their electronic absorption spectra
were measured in the CH3;CN solution at room temperature. The
electronic spectra of 1, 5 and 8 are shown in Figure 4, 2, 6 and 9

65 in Figure 5, 3 and 10 in Figure S10, and 4, 7 and 11 in Figure
S11. And the related data are summarized in Table 3. Obviously,
the NIR bands related to MMCT should be focused. For those
UV-vis absorptions below 700 nm, only complex 1 is discussed.

The formation of the cyanide-bridged complex 1 is accompanied by

70 the appearance of the bands at Am.x of 387, 500 and 695 nm. The
former two bands can be assigned to d—>n* MLCT (metal to
ligand charge transfer).® The band at Amy of 695 nm may be
assigned to *MLCT transition, being red-shifted by 45 nm with
respect to 650 nm of cis-Os"(bpy)2(CN),'7. As one-electron-

75 oxidation proceeds, a new NIR band at Am.x of 910 nm appears in
5, which can be assigned to the mixture of the central Os"—
terminal Fe™ and the distant terminal Fe"—terminal Fe™ metal-
to-metal charge transfers (MMCTs) based on the TDDFT (time-
dependent density functional theory) calculations (see Supporting

80 Information). It can also be found that 2 does not exhibit any
absorption band in the NIR region, but its one-electron oxidation
product 6 displays a relatively intense NIR band at Amax of 912
nm, which could also be attributed to the mixture of the central
0s"— terminal Fe" and the distant terminal Fe"— terminal Fe™

85 MMCTs. Similarly, the band at Aya.x of 1217 nm in 7 should also

i
and

be assigned to the mixture of the central Fe'— terminal Fe
the distant terminal Fe"—terminal Fe" MMCTs. Upon two-
electron oxidation, the 910 nm band in 5 diminishes, and another
intense band at Am.x of 896 nm appears in the two-electron-
90 oxidation product 8, which is assigned to the central Os"—
terminal Fe™ MMCT. For the other two-electron-oxidation
products 9-11, their NIR bands at Amax of 886, 1210 and 1172 nm
can be attributed to the central Os"—terminal Fe™ or the central
Fe"—>terminal Fe MMCT, respectively. The shoulder bands
95 near 1200 nm in Fig. 11 and 12 of should be resulted from spin-
orbit coupling of complexes 5, 6, 8 and 9 .2 By comparison of 8-
11 with the analogous Ru'(bpy),(CN), (722 nm) and
Ru"(phen),(CN), (717 nm) bridged complexes,® it can be found
""MMCT energy increases with
100 the central metal in the order Fe < Os < Ru. It is interesting that

that the central M" to terminal Fe

the order of the MMCT energy change is similar to that of the
metal to bipyridine MLCT energy change found in the
mononuclear MH(bpy)g(PF(,)z (M = Fe, Ru, Os) complexes.23
Based on the above MMCT band shape of mixed valence complexes
105 5-7, 10 and 11, all the mixed valence complexes should belong to
Class II mixed valence complexes, according to the classification
of Robin and Day.**

Magnetic properties

the
110 paramagnetic Fe"" ions across the diamagnetic cyanidometal NC-
MCN (M = Os, Fe) bridge, the temperature-dependent
magnetic susceptibility measurements of 8-11 were performed at
1000 Oe in the temperature range of 2-300 K. The plots of ymT

To investigate magnetic exchange coupling between

This journal is © The Royal Society of Chemistry [year]
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vs. T'and py vs. T of polycrystalline samples 8-11 were given in
Figures 6-9, respectively, where yv is the molar magnetic
susceptibility and 7 is the temperature in Kelvin. As shown in
Figures 6 and 7, the yuT at 300 K of 0.746 cm® K mol™ for 8 and
0.752 cm® K mol™ for 9 are in good agreement with the expected
value of 0.750 cm® K mol™ for two uncoupled low-spin (LS) Fe™
and one diamagnetic LS Os" ions (Sreqmny = 1/2, Sosary = 0) on the
basis of g = 2.0. The yu7 values decrease slowly with decreasing
temperature to 0.666 cm® K mol™ at 120 K for 8 and 0.677 cm® K
mol™ at 112 K for 9, and then sharply decrease to 0.105 cm® K
mol™ for 8 and 0.097 cm® K mol™ for 9 at 2 K. The magnetic
susceptibilities in 60-300 K range obey the Curie-Weiss law with
negative Weiss constants of = -42.7 K for 8 and §=-43.1 K for
9. It indicates the presence of anti-ferromagnetic coupling in 8
and 9 based on the shape of ymT vs. T curves and the negative
Weiss constants, which may attributed to the distant magnetic
coupling between the Fe(Ill) ions across the diamagnetic
cyanidometal NC-Os'-CN  bridge. Since the nearest
intermolecular Fe™..-Fe™™ distances are respectively 9.5 and 7.2 A
for 8 and 9, the intermolecular magnetic interaction can be
neglected. One may have concerned that the magnetic coupling
of complexes 8 and 9 are resulted from the spin-orbit coupling of

low-spin  Fe

ions. To investigate this, the temperature-
dependence magnetic susceptibility measurement for the one-
electron oxidation product 5, in which the coordination
environment of the only one paramagnetic low-spin Fe™ ion is
very similar to those in 8 and 9, was performed on the
polycrystalline sample in the temperature of 2-300 K at an
applied magnetic field of 1000 Oe. The ymT vs T plot is depicted
in Figure S18. The yuT value of 5 is 0.341 cm® K mol™, which is
close to the expected theoretical values of 0.375 cm® K mol™ for

" (Sreqy = 1/2), one diamagnetic LS Fe!"

one uncoupled LS Fe
(Sreay = 0) and one diamagnetic LS Os" ions (Sosay = 0)
assuming g = 2.0. Upon lowering the temperature, the ymT value
remains constant until 30 K, then smoothly decreases to 0.300
cm® K mol™ at 2 K. As expected, complex 5 is paramagnetic with
an S = 1/2 spin ground-state. This suggests that the spin-orbit
coupling of the low-spin Fe™ ion is very small and can be
neglected in the system. Thus, it can conclude that the magnetic
coupling of complexes 8 or 9 should be resulted from the
intramolecular interaction between distant low-spin Fe'™ ions.
The mechanism has been studied and reported in our previous
paper.” That is, the spin-delocalization mechanism® should be
responsible for the strong magnetic interaction between the two
distant paramagnetic Fe(Ill) centres across the diamagnetic NC-
0s"-CN bridge.

As shown in Figures 8 and 9, the w7 at 300 K is 0.741 cm® K mol™

for 10 and 0.735 cm® K mol™ for 11. The values are close to the
theoretical value of 0.750 cm® K mol™ for two uncoupled low-
spin (LS) Fe™ and one diamagnetic LS Fe" ions ( Srem = 1/2,
Srear) = 0) on the basis of g = 2.0. On lowering the temperature,
the ymT values of complexes 10 and 11 keep almost a constant
until 8 K, finally decreases to 0.701 cm® K mol™ for 8 and 0.695
em® K mol! for 11 at 2 K. The decrease of T at low
temperature might be attributed to the zero-field splitting (ZFS)
effect of Fe™ ions. The magnetic susceptibilities of 10 and 11
obey the Curie-Weiss law and could be fitted based on Curie-
Weiss law, affording 8= -0.15 K for 8 and &= -0.20 K for 11.

From these observation, it indicates that the magnetic behaviors
60 of 10 and 11 are very weak antiferromagnetic and even can be
regarded as almost paramagnetic.

In order to evaluate the magnetic coupling (J) between Fe" ions for 8
and 9, the magnetic susceptibilities data are fitted with the
Hamiltonian H = -2J S;-S,, and the following modified Bleaney-

65 Bowers equation®® were used: yv = 2Ng*/kI[3 + exp(-2J/kT)]
(1-p)/+2Ng* B pl3kTxS(S+1), where N, g, k, p and f§ are the
Avogadro number, the g-factor, the Boltzmann constant, molar
fraction of noncoupled species and the Bohr magneton,
respectively. Least-squares fitting of data of 8 and 9 in 60-300 K

70 range leads to J = -25.8 cm™, g = 2.07, p = 1.12% and R =
Ceated T~ Zoosa T VE(KovsaT)* = 2.0x107 for 8 and J = -26.1 cm’
! g=2.09, p=3.19% and R = 8.0x107 for 9. The fitting g-values
are consistent with the values from the EPR spectroscopy (g =
2.01 for 8 in Figure S20 and g =2.05 for 9 in Figure S22). For the

75 purpose of comparison, the magnetic susceptibilities of 10 and 11
were also fitted in the same way as 8 and 9. The simulation
results are J = -0.15 cm™, g = 1.98, p=1.78% and R = 3.7x10®
for 10 and J=-0.19 cm™, g = 1.98, p=1.44% and R = 1.0x10”
for 11. The fitting g-values are consistent with the values from

80 the EPR spectroscopy for complexes 10 and 11 (g = 2.12 for 10
in Figure S23 and g = 2.11 for 11 in Figure S24). Attempts to fit
the susceptibility data in y versus 7 to 2K have been made,
however, the results are not well fit the experimental data, for
example, the obtained g-values are largely deviated from the

85 experimental g-values from the EPR spectra, and the molar
fractions of noncoupled species are too high. This may be due
to the combined presence of intramolecular antiferromagnetic
coupling, inter-cluster interaction and/or spin-orbit coupling
of low-spin Fe'™ ions of 8 and 9 between 2- 60 K.*’

90 The plot of M/Nf vs H (M = magnetization) for samples 8 and 9
was measured at 2.0 K in the field range from -80K to +80K
Oe in Figure S25. 8 and 9 showed characteristic
antiferromagnetic behavior that the M,,,/Nf values increased
gradually and slightly, as the magnetic field increased from 0

95 to 80K Oe.

By comparison of magnetic coupling constants of 8-11 with that of
the analogous cis-Ru"(bpy)2(CN), bridged complex (-13.6 cm™),*
it can be found that the magnetic coupling strength between the
distant paramagnetic Fe™" ions across diamagnetic cyanidometal

100 NC-M"-CN (M = Fe, Ru, Os) bridge increases with the central
metal in the order of Fe < Ru < Os. This order is consistent with
the increasing radial extension of the d orbitals and the degree of
electron density delocalization over the cyanide group from Fe to
Ru and then to Os.

s Experimental Section
General Procedures and Materials

All manipulations were performed under argon atmosphere with the
use of standard Schlenk techniques unless otherwise stated.
Dichloromethane was dried by distillation over calcium hydride

110 and diethyl-ether was dried by distillation over sodium wire
under argon atmosphere. Methanol was dried by distillation over
magnesium and acetonitrile was dried by distillation over
calcium hydride under argon atmosphere. cis-
05" (bpy)2(CN),-7H,0", cis-Os"(phen),(CN) >, cis-

4 | Journal Name, [year], [vol], 00—00
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Fe''(bpy)a(CN),-3H,0%,  cis-Fe'(phen),(CN)»2H,0%,  and
CpFe"(dppe)(NCCH3)Br™ were prepared according to the
literature procedures. All other reagents
commercially and used without further purification.

were available

s cis-[Cp(dppe)Fe"(NC)Os" (bpy)(CN)Fe" (dppe)Cp] [PF).
-2C4H100-CH;Cl,, 1-2E,0-CH,Cl,

Under argon atmosphere, Cp(dppe)Fe"(NCCH;)Br (228 mg, 0.356
mmol) was added to a brown solution of cis-
0s"(bpy)2(CN),-7H,0 (115 mg, 0.169 mmol) in methanol (10

10 ml) at room temperature. The reaction mixture was refluxed for 6
h, resulting in a red solution. NH4PF¢ (60.8 mg, 0.373 mmol) was
then added to the above reaction solution. A red precipitate
appeared immediately and was collected. Deep red needle
crystals 1 (122 mg, 34%) suitable for single-crystal X-ray

15 diffraction analysis were obtained from a mixed solution of
dichloromethane and ethyl-ether (1:3, 40 ml). Anal. Calcd for
OSF€2C34H74N6P(,F12-2C4H100-CH2C12Z C, 52.78; H, 4.57; N,
3.97%. Found: C, 52.62; H, 4.03; N, 4.53%. IR (vcn, KBr pellet,
em™): 2074. UV-vis (CH;CN), Amax, nm (&, dm® mol™ cm™): 387

20 (3412), 500 (4483), 695 (810). MS, m/z: 519.4 [Cp(dppe)Fe" 1",
1072.3 [1 -Cp(dppe)Fe"-2PFq]", 1736.9 [1-PF4]".

cis-[Cp(dppe)Fe" (NC)Os" (bpy)»(CN)Fe' (dppe)Cp][PFls, 5

To a solution of 1 (100 mg, 0.053 mmol) in dichloromethane (10 ml),
CpoFe™(PFs) (17.5 mg, 0.053 mmol) was added at room

25 temperature. The mixture was stirred at 30°C for 3 h and
concentrated to 2 ml under reduced pressure, and then diethyl

ether (20 ml) was added and a brown precipitate was obtained

(90.3 mg, 84%). Anal. Calcd for OsFe,CssH7sNgP7F1s: C, 49.74;

H, 3.68; N, 4.14%. Found: C, 49.70; H, 3.99; N, 4.14%. IR (vcn,

3 KBrpellet, cm™): 2074, 1992. UV-vis (CH3CN), Anay, nm (&, dm’
mol’ cm™): 402 (6176), 910 (1731). MS, m/z: 519.1
[Cp(dppe)Fe'"]", 1073.3 [5-3PFs-Cp(dppe)Fe™']", 1882.0 [5-PFe]".

cis-|Cp(dppe)Fe"'(NC)Os" (bpy)2(CN)Fe'"(dppe)Cp] [PFel4
3CH;CN, 8:3CH3CN

35 To a solution of 5 (100.0 mg, 0.049 mmol) in dichloromethane (10
ml), AgPF¢ (124 mg, 0.049 mmol) was added at room
temperature. The solution immediately turned to brown and was
stirred for another 3 h at 30°C and concentrated under a reduced
pressure to obtain a black brown precipitate. The black brown

40 precipitate collected, little
dichloromethane and ethyl ether. Deep brown prism crystals of 8
(47.3 mg, 42%) suitable for single crystal X-ray diffraction
analysis were grown by layering diethyl ether (30ml) on the

was and washed with a

acetonitrile (10 ml) solution of the precipitate at room
45 temperature in the dark. Anal. Caled for
OsFe,CssH7uNgPgF24-CH3CN: C, 46.65; H, 3.50; N, 4.43%.
Found: C, 46.65; H, 3.88; N, 4.52%. IR (vcn, KBr pellet, cm'l):
2039, 1987. UV-vis (CH3CN), Amax, nm (& dm’® mol™ cm™): 383
(9256), 402 (9264), 896 (3463). MS, m/z: 1218.8 [8-3PF¢-
so Cp(dppe)Fe™]", 2026.4 [8-PFq]".
cis-[Cp(dppe)Fe"(NC)Os" (phen),(CN)Fe" (dppe)Cp] [PFq].
-4CH,Cl,, 2-4CH,Cl,

The preparation of compound 2 was similar to that described method
for compound 1, but ¢is-Os"(phen),(CN), (100 mg, 0.166 mmol),
ss Cp(dppe)Fe(NCCH3)Br (223 mg, 0.349 mmol) and NH,PFg

(59.5 mg, 0.365 mmol) were used, yielding 2 as red needle
crystals (102 mg, 27%). Anal. Caled for
OSF62C38H74N6P5F12'CH2C12Z C, 5302, H, 380, N 4.17%. Found:
C, 53.04; H, 4.38; N, 4.35%. IR (vcn, KBr pellet, cm'l): 2072.

60  UV-vis (CH3CN), Amay, nm (& dm’® mol™” cm™): 385 (12739), 464
(8378), 507 (8643), 692 (2204). MS, m/z: 520.1 [Cp(dppe)Fe"]",
1121.4 [2-2PF¢-Cp(dppe)Fe"]", 1784.7 [2-PF4]".

cis-[Cp(dppe)Fe'" (NC)Os" (phen),(CN)Fe' (dppe)Cp][PFql3, 6

The preparation of compound 6 was similar to that described method

65 for compound 5, but 2 (100 mg, 0.052 mmol) and Cp,Fe"(PF¢)
(17.2 mg, 0.052 mmol) was used, yielding 6 as brown prism
crystals (42.1 mg, 39%). Anal. Calcd for OsFe,CgsH74NeP7Fs: C,
50.91; H, 3.59; N, 4.05%. Found: C, 50.37; H, 3.71; N, 4.07%.

IR (ven, KBr pellet, cm'l): 2072, 1993. UV-vis (CH3CN), Amax,

70 nm (& dm’® mol™” cm™): 386 (9800), 406 (9777), 625 (1326), 912
(1326). MS, m/z: 5193 [Cp(dppe)Fe"]", 1123 [6-3PF-
Cp(dppe)Fe™|", 1267.9 [6-2PFs-Cp(dppe)Fe"]", 1931.3 [6-PF]".

cis-[Cp(dppe)Fe™(NC)Os" (phen),(CN)Fe™ (dppe)Cp][PFs]-CH;
CN, 9-CH;CN

7s The preparation of compound 9 was similar to that described
procedure for compound 8, but 6 (100 mg, 0.048 mmol) and
AgPF¢ (12.1 mg, 0.048 mmol) was used, yielding 9 as brown
prism crystals (32.6 mg, 30%). Anal. Caled for
OSF62C38H74N6P8F242 C, 47.58; H, 3.36; N, 3.78%. Found: C,

80 47.17; H, 3.90; N, 3.82%. IR (ven, KBr pellet, cm™): 2042, 1993.
UV-vis (CH;CN), Auay, nm (& dm® mol™ cm™): 404 (9036), 886
(3036). MS, m/z: 1266.9 [9-3PF¢-Cp(dppe)Fe]", 2075.2 [9-
PFe]".

cis-[Cp(dppe)Fe" (NC)Fe"(bpy)(CN)Fe"dppe)Cp][PF].-
ss 2CH,Cl,-C4H 100, 3-2CH,Cl,-C4H 10

This complex was prepared according to a modified method based on
the previous report,”® but cis-Fe"(bpy)(CN), (100 mg, 0.211
mmol), Cp(dppe)Fe"(NCCH;)Br (284 mg, 0.443 mmol) and
NH4PFs (75.6 mg, 0.464 mmol) were used, yielding 3 as gray

90 prism crystals (147 mg, 35%). Anal. Calcd for Cg4H74F 2FesNgPe:
C, 57.69; H, 4.26; N, 4.81%. Found: C, 58.42; H, 4.46; N, 5.25%.
IR (ven, KBr pellet, cm'l): 2094. Amax, nm (&, dm® mol™ cm'l):
372 (2706), 517 (1826), 563 (2095). MS, m/z: 5194
[Fe(dppe)Cp]*, 939.2 [3 - Fe"(dppe)Cp -2PFs]", 1603.0 [3 -PF4]”

95 cis-[Cp(dppe)Fe"(NC)Fe" (bpy)(CN)Fe'"'(dppe)Cp] [PFsls4
-3CH;CN, 10-3CH;3CN

This complex was prepared according to a modified method based on
the previous report,”” but 3 (100 mg, 0.057 mmol) and
CpaFe™(PF) (37.7 mg, 0.114 mmol) was used, yielding 10 as red

100 prism crystals (48.1 mg, 39%). Anal. Caled for
CgsH74F24FesNgPs: C, 49.49; H, 3.66; N, 4.12%. Found: C, 49.45;
H, 4.14; N, 3.63%. IR (vcn, KBr pellet, crn’l): 2035. Amax, nm (&,
dm® mol™ em™): 489 (6506), 1210 (2987). MS, m/z: 1893.3[10-
PFq].

105 cis-[Cp(dppe)Fe™(NC)Fe" (phen),(CN)Fe"(dppe)Cp][PFs]»-4
CH,Cl,, 4-4CH,Cl,

The preparation of compound 4 was similar to that described method
for compound 3, cis-Fe"(phen),(CN), (100 mg, 0.198 mmol),
Cp(dppe)Fe"(NCCH3)Br (279 mg, 0.436 mmol) and NH,PFq

This journal is © The Royal Society of Chemistry [year]
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(71.0 mg, 0.436 mmol) were used, yielding 4 as gray prism
crystals 973 mg, 23%). Anal. Caled for
C83H74F12F63N5P6'CH2C121 C, 5327, H, 393, N, 4.10%. Found:
C, 52.90; H, 3.88; N, 4.89%. IR (vcn, KBr pellet, cm'l): 2094.
UV-vis (CH;CN), Ay, nm (& dm’® mol™ em™): 378 (3717), 504
(7797), 553 (8465). MS m/z: 519.7 [Fe'(dppe)Cp]', 987.2 [4-
2PF4-Fe"(dppe)Cp]’, 1651.1 [4-PF4]".

cis-[Cp(dppe)Fe'(NC)Fe" (phen),(CN)Fe''(dppe)Cp] [PFql3-
0.5C4H;90-0.5H,0, 7-0.5C4H,00-0.5H,0

The preparation of compound 7 was similar to that described
procedure for compound 5, but 4 (100 mg, 0.056 mmol) and
CpoFe"(PFe) (18.6 mg, 0.056 mmol) was used, yielding 7 as
brown prism crystals (39.4 mg, 34%). Anal. Calcd for Anal.
Calcd for CggH74F 1sFesNgP7: C, 54.43; H, 3.84; N, 4.33%. Found:
C, 53.89; H, 3.91; N, 4.33%. IR (vcn, KBr pellet, crn’l): 2094,
2033. UV-vis (CH3CN), Ay, nm (&, dm® mol™ cm™): 502 (4035),
572 (2246), 1217 (1372). MS, m/z: 519.6 [Fe"(dppe)Cp]", 987.1
[7-3PFs-Fe"(dppe)Cp]”, 1131.8 [7-Cp"Fe(dppe)-2PFs]", 1796.4
[7-PFq]".

cis-[Cp(dppe)Fe™ (NC)Fe" (phen),(CN)Fe™(dppe)Cp][PFls, 11

The preparation of compound 11 was similar to that described
procedure for compound 8, but 7 (100 mg, 0.052 mmol) and
CpoFe™(PFq) (17.2 mg, 0.052 mmol) was used, yielding 11 as
brown solid (80.3 mg, 74%). Anal. Calcd for CgsH74F24FesNePs:
C, 50.65; H, 3.57; N, 4.03%. Found: C, 50.15; H,
3.46; N, 4.08%. IR (ven, KBr pellet, crn’l): 2032. UV-vis
(CH3CN), Ay, nm (&, dm® mol™ cm™): 470 (4873), 494 (4917),
1172 (2730). MS m/z: 1131.9 [11-Cp"'Fe(dppe)-3PFq]", 1940.1
[11-PF¢]".

Physical measurements

Elemental analyses (C, H, N) were performed at a Vario MICRO
elemental analyzer. Mass spectra (MS) were collected on
DECAX-3000 LCQ Deca XP Ion Trap mass spectrometer using
acetonitrile as the mobile phase. Infrared (IR) spectra were
obtained from KBr pellets with a Perkin-Elmer Spectrum One
spectrophotometer.  Electrochemical =~ measurements  were
performed under an argon atmosphere using V3-Studio in
acetonitrile solution with 0.1 M (BusN)(PFs) as a supporting
electrolyte at a scan rate of 100 mV s by cyclic voltammetry
(CV). Glassy graphite and platinum were used as the working
and counter electrodes, respectively, and the potentials were
measured against 3 M KC1 Ag/AgCl as reference electrode. UV-
vis-NIR spectra were measured on a Perkin-Elmer Lambda 900
UV-vis-NIR  spectrophotometer. The various temperature
magnetic susceptibilities of the polycrystalline samples were
carried out using a Magnetic Property Measurement System
MPMS SQUID-XL under an applied magnetic field of 1000 Oe
in a 2-300 K temperature range. The isothermal magnetisation
measurements were conducted on a Physical Property
Measurement  System (PPMS) PPMS-9T. Diamagnetic
corrections were made using Pascal’s constants. EPR spectra
were recorded on the samples at room temperature with a
Bruker ELEXSYS ES00 spectrometer.

X-Ray structure determination

ss The single crystal data of complexes 1-4 and 6-10 were all collected
on Saturn724+ diffractometer equipped with graphite-
monochromatic Mo K, (A = 0.71073 A) radiation using an @ scan
mode at 123 K. The structures were solved by direct methods and
refined using the SHELXL-97 program suite.”’ Hydrogen atoms

60 were calculated geometrically and refined using a riding model.
Anisotropic thermal parameters were used for the non-hydrogen
atoms, and isotropic parameters were used for the hydrogen
atoms. All non-hydrogen atoms were refined by full-matrix least-
squares on F°. The R values are defined as ,R) = Z||F| - |Fe|l/Z|F|

s and R = [E[(Fo-F2) /E[Da(F.2) 1] The detailed crystal
data for complexes 1-3 are summarized in Table S1, and
complexes 4 and 6-10 are summarized in Table 1. Selected bond
lengths and angles for complexes 1-3 are presented in Table S2,
and complexes 4 and 6-10 are given in Table 2.

70 CCDC- 1031311 (1), CCDC-1031312 (8), CCDC- 1031313 (2),
CCDC-1031314 (6), CCDC-1031315 (9), CCDC-1037810 (3),
CCDC-1037811 (10), CCDC-1041440 (4) and CCDC-1041441
(7) contain the supplementary crystallographic data, related bond
lengths and angles for this paper.

s Conclusions

In summary, tri-nuclear complexes 1-4 and their oxidized species
5-11 were synthesized and fully characterized. Moreover, the
crystals of 1-4 and 6-10 suitable for single-crystal X-ray
diffraction analysis were obtained. The maximum absorption
wavelengths in the NIR region of the one-electron oxidation
mixed-valence complexes 5-7 are assigned to the mixture of the
central M"—terminal Fe'' and terminal Fe'— terminal Fe'™
MMCTs. Whereas, those in the NIR region of the two-electron
oxidation products 8-11 are assigned to the central M"—terminal
Fe" MMCT. And the energy increases with the central metal in
the order of Fe < Os < Ru in the two oxidized products. The two-
electron oxidation products (8 and 9) with NC-Os"(L),-CN
bridge exhibit a strong antiferromagnetic coupling between the
two distant Fe" ions although separated by the diamagnetic
cyanidometal NC-Os"(L),-CN bridge ( J = -25.8 and -26.1 cm™).
To the best of our knowledge, this is the strongest magnetic
coupling between the distant paramagnetic metal ions across a
diamagnetic cyanidometal bridge reported by far. For the two-
electron oxidation products (10 and 11) with the diamagnetic NC-
FeH(L)z-CN bridge, however, the distant two Fe ions posses
only very weak antiferromagnetic coupling (J = -0.15 and -0.19
em’™'). The magnetic susceptibilities studies indicate the magnetic
coupling strength between the distant paramagnetic Fe™ ions
across diamagnetic cyanidometal NC-M"-CN (M = Fe, Ru, Os)
bridge increases with the central metal in the order of Fe < Ru <
Os. More importantly, this work reveals that for the investigated
system the distant magnetic interaction strength is directly
associated with the degree of electron density delocalization over
the cyanide groups in the central diamagnetic cyanidometal.
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Table 1. Crystallographic Data and Details of Structure
Determination for 4 and 6-10.

z 4 4 4

Peatea(g/em’®) 1.551 1.658 1.472

A (I\g Ko 0.71073 0.71073 0.71073
#Mo K., 1.804 1.956 0.666
mm )

C"ml;’letene 99.1% 99.4% 98.7%
F(000) 4600 4520 4400
e 22<h<22, 20<h<22, 20<h<22,
nhe 26<k<26, -28<k<29, -25<k<25,

& 37<I<37 30</<30 37<I<37
o rg:gge/ 2.01-27.52 2.06-27.47 2232748
Reflections 22456 20650 22081
measured
Ri 0.0671 0.0594 0.0381
Params/rest
raints/Data(  1298/164/19545  1279/332/17833  1391/549/19744
obs.)
GOF 1.068 1.089 1.041
R ofa (0403 01213 0.0666,0.1469  0.0611,0.1666
>2 o (1)
R, dﬁ:f;)(a“ 0.0586,0.1277  0.0779,0.1546  0.0685, 0.1731

oR1 = ZIIFo| - [F/EIF| and R, = [E[aXFy- FEPVE[Da(F )"

s Table 2. Selected Bond Distances (A) and Bond Angles (°) for 4

44CHCl, P 7-0.515%0-0.5H2
Chemical C()zngClg ngHmF]gFCzN(, C()4H86F13
forrnula F12F63N5P5 OSP7 FC3NgoP7
Formula 2136.61 2076.22 2070.05
weight

Colour and Gray prism Brown prism Brown prism
Habit yPp P P

Cry/sfllmsm 0.44x0.40x0.18  0.42x0.14x0.12  0.52x0.38x0.08
T/K 123 123 123
Crystal Orthorhombic Monoclinic Monoclinic
system
Space Phea P2yje P2yje
group
alA 28.122(7) 12.768(7) 12.464(5)
b/A 19.966(5) 32.866(18) 33.789(11)
c/A 33.171(8) 23.450(12) 23.650(6)

al® 90.00 90.00 90.00

Ble° 90.00 114.20(2) 113.419(15)

y/° 90.00 90.00 90.00

ViIA 18625(8) 8976(8) 9140(5)
z 8 4 4

Peatca(g/cm’) 1.524 1.536 1.504

A (I\g Ko, 0.71073 0.71073 0.71073

#Mo K, 0.868 1.941 0.682
mm )

C"mfs’letene 99.8% 99.3% 95.9%
F(000) 8704 4156 4236
kil 34<h<36, -15<h<l15, -14<h<l14,
e 25<k<25, -39<k<39, -40<k<40,

& -43</<43 27<I<27 27<1<28
o rg:gge/ 2.1327.50 2.08-25.00 2.04-25.00
Reflections 21331 15693 15428
measured
Rin 0.0883 0.0878 0.0556
Params/rest
raints/Data( 1234/99/ 17573 1099/48/12194 1315/433/
12060
obs.)
GOF 1.080 1.100 1.083
R ofa (I 0785 02015 0.0918,02208  0.0778,0.1988
>2 o (1)

Riof2 @l 6001 02177 0.1139,02449  0.0926, 02192
data)

Complex 8-3CH:CN 9.CH;CN 10-3CH;CN

Chemical C90H33F24F62N9 C90H77F24F62N7 C90H83F24FC3N9
formula OsPg OsPg Pg
Formula 2296.31 2262.25 2161.96
weight

Colour and . R X
Habit Brown prism Brown prism Brown prism

Cry/sfllmsm 0.85x0.50x0.45  0.62x0.36x0.17  0.70x0.42x0.38
T/K 123 123 123
Crystal Monoclinic Monoclinic Monoclinic
system
Space P2y/e P2Je P2Je
group
alA 17.0424(10) 17.461(3) 17.0101(5)

b/A 20.3140(7) 22.961(4) 20.1743(4)
c/A 28.6650(15) 23.660(4) 28.6493(9)
al® 90.00 90.00 90.00
Ble 97.699(3) 107.212(3) 97.160(2)
y/° 90.00 90.00 90.00
ViIA 9834.3(8) 9061(3) 9754.8(5)

and 6-10.
6 8 9

0s-Cl1 1.966(10) 1.950(4) 1.950(6)
0s-C2 1.912(11) 1.953(4) 1.957(6)
0s-N3 2.137(9) 2.122(3) 2.134(4)
0s-N4 2.084(8) 2.078(3) 2.078(5)
0Os-N5 2.105(8) 2.075(3) 2.084(4)
0s-N6 2.102(9) 2.117(3) 2.136(4)
Cl1=N1 1.179(13) 1.163(5) 1.165(7)
C2=N2 1.218(13) 1.160(5) 1.171(7)
Fel-N1 1.928(8) 1.885(3) 1.875(5)
Fe2-N2 1.879(8) 1.878(3) 1.888(5)
Fel-P1 2.205(3) 2.268(1) 2.266 (2)
Fel-P2 2.200(3) 2.245(1) 2.271(2)
Fe2-P3 2.254(3) 2.261(1) 2.254(2)
Fe2-P4 2.252(3) 2.252(1) 2.250(2)
C1-Os-C2 93.4(4) 95.8(2) 94.5(2)
N1=C1-Os 175.4(9) 172.9(3) 171.9(5)
N2=C2-Os 177.6(8) 172.1(3) 176.5(5)
Cl1=N1-Fel 179.6(9) 172.1(3) 177.6(5)
C2=N2-Fe2 176.8(7) 176.9(3) 173.3(5)

Os---Fel 5.073 4977 4974

Os:--Fe2 5.009 4977 5.001

Fel---Fe2 7.618 7.953 7.881

Fel.-Fe2(-NC-0s-CN) 10.082 9.989 10.006

4 7 10

Fe3-Cl 1.904(4) 1.865(5) 1.879(3)
Fe3-C2 1.916(4) 1.908(5) 1.874(3)
Fe3-N3 2.007(3) 2.008(4) 2.002(3)
Fe3-N4 1.976(3) 1.974(4) 1.969(3)
Fe3-N5 1.967(3) 1.973(4) 1.980(3)
Fe3-N6 1.999(3) 1.997(4) 1.996(3)
C1=N1 1.165(5) 1.183(6) 1.165(4)
C2=N2 1.162(5) 1.182(7) 1.164(4)
Fel-N1 1.920(3) 1.888(4) 1.905(3)
Fe2-N2 1.921(3) 1.910(4) 1.893(2)
Fel-P1 2.194(1) 2.261(2) 2.253(1)
Fel-P2 2.200(1) 2.265(2) 2.272(1)
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Fe2-P3 2.191(1) 2.208(2) 2.267(1)
Fe2-P4 2.203(1) 2.196(2) 2.256(1)
Cl1-Fe3-C2 91.8(2) 94.0(2) 95.7(3)
N1=CI1-Fe3 176.7(3) 175.2(4)) 173.1(3)
N2=C2-Fe3 174.3(3) 173.4(4) 172.6(3)
Cl=NI1-Fel 179.6(4) 174.9(4) 173.7(2)
C2=N2-Fe2 177.5(3) 178.0(4) 178.8(3)
Fe3---Fel 4.989 4921 4.929
Fe3--Fe2 4.999 4.992 4919
Fel--- Fe2 7.436 7.697 7.867
Fel-Fe2(-NC-Fe-CN) 9.988 9.936 9.880

Table 3 Cyanide Stretching Frequencies, Electronic Absorption
Spectra and Cyclic-Voltammetry Data for Complex 1-11.

VeN (cm’l) Amax, NM (&, dm’® mol! cm'l) P (V)
a 336(11870), 372(11569), 445(10667),

12A 2040, 2057 496(13074). 650(3370) 0.47
12B* 2053, 2067 346(9428), 483(10385) 0.86
12C* | 2069, 2079 382(6252),581(6204) 0.46
1 2074 387(3412), 500(4483), 695(810)
5 2074, 1992 402 (6176), 910 (1731) 0.22,0.39
8 2039, 1987 383 (9256), 402 (9264), 896 (3463)

385 (12739), 464 (8378), 507 (8643),
2 2072 692 (2204).

386 (9800), 406(9777), 625 (1326), 0.220.38
6 2072, 1993 912 (1326)
9 2042, 1993 404(9036), 886(3036)
13A° | 2086 362 (7253), 480(5620).
13B 2094, 2020 389(7465), 791(5460) 0.25,0.36
13C° | 2059, 2021 391(8363), 722 (8238).
14A° | 2089 380 (7169), 466 (8088).
14B° 2092, 2019 371 (10479), 777 (5238) 0.26,0.37
14C° | 2063, 2062 350 (10658), 717 (8416)
3 2094 372 (2706), 517 (1826), 563 (2095) 029, 0.41
10 2035 489 (6506), 1210 (2987) o
4 2094 378 (3717), 504 (7797), 553 (8465)
7 2094, 2033 502 (4035), 572 (2246), 1217 (1372) 0.28,0.40
11 2032 470 (4873), 494 (4917), 1172 (2730)

5
a: 12A, 12B and 12C represent cis-M(bpy)2(CN), (M = Os, Ru, Fe),
respectively, see reference'” '®
b: 13A, 13B and 13C represent cis-[Cp(dppe)Fe" (NC)Ru' (bpy)o(CN)Fe' (dppe)
Cp](PF¢), and its
10 respectively, see reference’
c: 14A, 14B 14C represent
[Cp(dppe)Fe" (NC)Ru" (phen),(CN)Fe'(dppe) Cpl(PFs), and its one-clectron
and two-electron oxidation products, respectively, see reference®

one-electron and two-electron oxidation products,

and cis-

0.6

Figure 1. Cyclic voltammogram of complexes 1-4 in a 0.10 M
acetonitrile solution of [Bu,N][PF] at a scan rate of 100 mV s™'.
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Figure 2. IR spectra of complexes 1, 5 and 8 at room temperature
20 (KBr pellet).
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Figure 3. IR spectra of complexes 2, 6 and 9 at room temperature
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s Figure 6. Magnetic behavior of complex 8 as measured in an
applied field of 1000 Oe using a SQUID magnetometer. Fitting
(red line) on yy vs T (square) and yT vs T (circle) of complex 8
in polycrystalline sample.
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10 Figure 7. Magnetic behavior of complex 9 as measured in an
applied field of 1000 Oe using a SQUID magnetometer. Fitting
(red line) on yy vs T (square) and yT vs T (circle) of complex 9
in polycrystalline sample.

15 Figure 8. Magnetic behavior of complex 10 as measured in an
applied field of 1000 Oe using a SQUID magnetometer. Fitting
(red line) on yy vs T (square) and yuT vs T (circle) of complex
10 in polycrystalline sample.

0.75 {F EOOCEEOCCEO00CEO00CE00nCEEa0CCE0C0E000CEna0
J L 03
X
= 050 - -
g 028
3 E
}\§ \E
F0.25 e
0.00 4 : : : . . 0.0
0 50 100 150 200 250 300

T/K
20 Figure 9. Magnetic behavior of complex 10 as measured in an
applied field of 1000 Oe using a SQUID magnetometer. Fitting
(red line) on py vs T (square) and yu7 vs T (circle) of complex
10 in polycrystalline sample.
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Influence of the central diamagnetic cyanidometal on the
distant magnetic interaction in cyanide-bridged
Fe(IIT)-M(II)-Fe(III) complexes
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Complexes 1-4 and their oxidation products 5-11 were obtained and investigated. This work
shows that for the investigated Fe"-NC-M"-CN-Fe'' complexes the magnetic coupling strength
between the distant Fe'" ions increases with the diamagnetic cyanidometal bridge in the order of

Fe <Ru<Os.
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