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Cyanide-bridged molecular squares of [Fe',Cu',(«-CN)a(dmbpy)(impy)2](ClO4)4*4CH30H-CeHs (1) and of [Fe'-
Cu'y(u-CN)4(dmbpy)(impy)2](ClO4)g-4CH30H-4H,0 (2) (dmbpy = 4,4'-dimethyl-2,2'-bipyridine; impy = 2-(2-pyridyl)-
4,45 5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy) were prepared. In the squares of 1 and 2, the Fe(ll/lll) (low
spin) and Cu(ll) ions are alternately bridged by the cyanide groups, in which the cyanide carbon atoms coordinated
to the Fe(ll) ions and Cu(ll) ions are coordinated by imino nitroxide. Magnetic susceptibility measurements for 1
and 2 revealed that the Cu(ll) ion and imino nitroxide are ferromagnetically coupled with a fairly strong coupling
constant (Jeu—radgical > 300 K) and act as triplet species. In 1 the Cu(ll)-radical moieties are magnetically separated
by the Fe(ll) ions. In the square of 2, dz (Fe(lll)), do (Cu(ll)), and pzr (imino nitroxide) spins are alternately
assembled, and this situation allowed the square to have an S = 3 spin ground state. The exchange coupling
constant of Fe(lll) and the Cu(ll)-radical moiety in 2 was estimated to be J = 4.9 cm~! (H = =2J3 Sre*Scy-radical)-

13/, spin ground state due to the antiferromagnetic interac-
S :
Considerable interest exists concerning molecule-based!ONS; while clusters having [MeWe] and [MnsMog] cores

magnetic materials. Cyanometalates have been used tJ1aveS - ?9/2 and *¥, spin ground_ states, .respecuvély..
prepare infinite systems that behaves as Figimagnets and Re(.:ently,_ it was ghown_ that the introduction of organic
photoinduced magnetic materidi@ue to the discovery of ~ 'adicals into cyanide-bridged clusters enhances the spin
superparamagnetic behavior in dodecanuclear manganes ultiplicity of the clusters. Cyanide-bridged [ffi] and
clusters, efforts in the synthesis of multinuclear complexes Qr?N|3] clusters W'th, imino nitroxides coordinated to the
with high-spin ground states have intensified and cyano- Ni ions have the spin ground state 8f= 7 andS = 9,

metalates are of particular interest due to the bridging aBility. "€SPectively: Recently, some cyanide-bridged molecular
In other words, synthetic routes can be developed using squares were reported by us and other groups, and we report

cyanide-bridged bimetallic units to tune the nuclearity and th‘?t_the squares of [M_/I'ZCL"CN)“(bpy)‘]n.Jr M = Fe a'md
spin multiplicity of complex molecules. A cyanide-bridged M’ = Fe, Co, or Cux = 6 or 8), abbreviated as [W!';],

heptamer having one Mn(ll) and six Cr(lll) ions has%# have dlfferent. electronic gnd .magnetlc properties dep_endlng
on the metal ions and oxidation st&t€he electrochemical
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the mixed-valent [PeFe" ;] square with arH,, value of 870
cm 1, and the mixed-metal square [l£€u';] has anS= 2

ground state. We report here a new class of cyanide-bridged

[FexCw] high-spin squares with imino nitroxides on the
Cu(ll) ions.

Experimental Section

Materials. [Fe'(CN)(dmbpy)],” [FE"(CN)(dmbpy)](NO3),2
and imino nitroxide radical(dmbpy = 4,4-dimethyl-2,2-bipyri-
dine; impy = 2-(2-pyridyl)-4,4,5,5-tetramethyl-4,5-dihydrd-1
imidazolyl-1-oxy) were prepared by the literature methods.

Synetheses. [F&CU" y(u-CN)4(dmbpy)4(impy)2](CIO 4)44CHz-
OH-C¢Hg (1). [F€'(CN)x(dmbpy)] (106 mg, 0.2 mmol) in hot
MeOH (30 mL) was added to a methanol solution (10 mL) of Cu-
(ClOy)2*6H,0 and impy (44 mg, 0.2 mmol). The mixture was heated
to boil and concentrated to 15 mL, and then cooled to room
temperature. Brown powder (135 mg) was collected by filtration,
and recrystallization from methanobenzene solution gave dark
red plates ofl. Yield: 70%. Elemental anal. Calcd for,§g.Cls-
CwFeN1g0:g C, 47.69; H, 4.52; N, 13.17. Found: C, 47.54; H,
4.80; N, 12.68.

[Fe”l 2CU” 2(,u-CN)4(dmbpy)4(|mpy)z](CIO 4)5‘4CH3OH'4H20
(2). [FE'"(CN)x(dmbpy}](NO3z) (106 mg, 0.2 mmol), Cu(Clg).
6H,0 (74 mg, 0.2 mmol), and impy (44 mg, 0.2 mmol) were
dissolved in methanol (10 mL). To this solution was addedNt
ClOy4 (46 mg, 0.2 mmol) in a mixture of methanol (10 mL) and
chloroform (10 mL). The resulting mixture was stored at®
overnight, and bright red plates @fwere obtained. Yield: 60%.
Elemental anal. Calcd for £HgsClsCwFeN1g02s: C, 42.36; H,
4.07; N, 11.97. Found: C, 42.36; H, 3.94; N, 11.73.

Physical Measurement. Magnetic susceptibility data were
collected in the temperature range of 2300 K and in an applied
field of 10 kG of a Quantum Design model MPMS SQUID

magnetometer. Pascal’'s constants were used to determine the

diamagnetic correctiorfsIR spectra were obtained by using a
Shimazu FTIR 8400.

X-ray Data Collection and Structure Refinement.Each single
crystal of 1 (0.05 x 0.15 x 0.3 mn¥) and2 (0.25 x 0.3 x 0.3
mm?) was mounted with epoxy resin on the tip of a glass fiber.
Diffraction data were collected at50 °C on a Bruker SMART
1000 diffractometer fitted with a CCD-type area detector, and a

full sphere of data was collected by using graphite-monochromated

Mo Ka radiation ¢ = 0.71073 A). At the end of data collection,

the first 50 frames of data were re-collected to establish that the
crystal had not deteriorated during the data collection. The data
frames were integrated using SAINT and were merged to give a
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Table 1. Crystal Data and Structure Refinement for
[Fe:Cui(u-CN)y(dmbpy)(impy)s](ClO4)4-4CHOH-CeHg (1) and
[FeCli(u-CN)a(dmbpy)(impy)2](ClO04)s*4CH;OH-4H,0 (2)

1 2
formula GeeH10ClaCoFeN18022  CeoHoeClsCUaFeN16034
fw 2120.44 2305.23
temp,°C —50 —40
space group P1 P1
cryst syst triclinic triclinic
a, 11.9749(14) 13.3088(4)

b, A 13.6852(16) 14.5290(4)

c, A 17.163(2) 17.1359(5)

a, deg 113.078(3) 69.3510(10)

B, deg 94.366(3) 70.7150(10)

y, deg 92.654(4) 66.2150(10)

vol, A3 2571.2(5) 2767.99(14)

Z 1 1

Ocaica Mg/m? 1.369 1.383

u, mmt 0.862 0.861

A A 0.71073 A 0.71073 A

final Rindices R1=0.0572, R1=0.0952,
[1 > 20(1)] wR2=0.14.81 wR2= 0.2597

aR1= 3 ||Fo| — |Fell/Z|Fol. WR2 = [T [W(Fo® — Fc?)?)/ 3 [W(Fc?)]°>.
Calcdw = 1/[0¥(Fo?) + (0.0870P)2 + 0.0000P] for 1 andw = 1/[0%(Fc?)
+ (0.200(P)2 + 0.000@P] for 2, whereP = (F2 + 2F2)/3.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[FexCu(u-CN)a(dmbpy)(impy)2](ClO4)4-4CH:OH- CeHs (1)*

Fe-C(2) 1.895(4) FeC(1) 1.897(4)
Fe-N(4) 1.953(3) Fe-N(6) 1.961(3)
Fe-N(5) 1.996(3) Fe-N(3) 2.008(3)
Fe-Cu#l 4.9747(7) FeCu 4.9995(7)
Cu-N(2) 1.947(3) Cu-N(1) 1.950(3)
Cu—N(8) 2.026(3) Cu-N(7) 2.039(3)
Cu-0(2) 2.255(3) N(1¥-C(1) 1.158(4)
N(2)—C(2)#1 1.156(4)  O(BN(9) 1.281(4)
C(2)-Fe-C(1) 89.65(14)  N(2rCu—N(1) 92.10(12)
C(1)-N(1)-Cu  173.4(3) C#AN@2)-Cu  171.0(3)
N(1)-C(1)-Fe  177.8(3) NQ#EC(2)-Fe  176.1(3)

a Symmetry transformations used to generate equivalent atoms:x#1
-y, —z.

crystallographic data and structure refinement are summarized in
Table 1. The structures were solved by direct methods and refined
by the full-matrix least-squares method on Bfl data using the
SHELXTL 5.1 package (Bruker Analytical X-ray Systems). Non-
hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were included in calculated positions and refined
with isotropic thermal parameters riding on those of the parent
atoms. The relatively higR values for2 were due to the low quality

of the crystal and disorder of perchlorate ions and solvent molecules.

unique data set for the structure determination. Empirical absorption pagit and Discussions

corrections by SADABS (G. M. Sheldrick, 1994) were carried out,
and relative transmissions are 1.66D958 and 1.0000.967 for
1 and2, respectively. Totals of 18170( 6 < 27°) and 17864
(1.5 < 6 < 23) reflections were, respectively, collected for
and2, which yield 11291 R; = 0.0191) and 6347R;,; = 0.0549)

Description of the structures. [Fé ,Cu'" ;(u-CN)4(dmbpy)s-
(Impy)z](CIO 4)4'4CH30H'C6H5 (1) and [Fé” 2Cu' g(ﬂ-
CN)4(dmbpy)4(|mpy)2](C|O4)6-4CH30H-4H20 (2) Se-
lected interatomic distances and angles for complé&xaasd

independent reflections, respectively. Information concerning the 2 are listed in Tables 2 and 3, respectively; ORTEP
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J.-S.; Ouyang, X.; Dunbar, K. RRolyhedron2001, 20, 1727.
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representations are presented in Figures 1 and 2.

Complex cations of and2, which locate on an inversion
center, are tetranuclear macrocycles, and the overall geometry
is nearly square. The square coresladnd 2 are, respec-

tively, composed of the alternately cyanide bridged Fe(ll)

and Cu(ll) ions, and Fe(lll) and Cu(ll) ions. The-Ee-C
and N-Cu—N bond angles ofl are 89.3(3) and 92.7(2),
and those oR are 91.8(2) and 88.5(1), respectively. The
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Table 3. Selected Bond Lengths (A) and Angles (deg) for
[FeCui(u-CN)a(dmbpy)(impy)2](ClO4)e-4CH;OH-4H,0 (2)2

Fe-C(1) 1.923(11) FeC(2) 1.945(10)
Fe-N(4) 1.956(8) Fe-N(6) 1.966(8)
Fe-N(5) 1.971(6) FeN(3) 1.974(7)
Fe-Cu 5.0068(16) FeCu#l 5.0368(14)
Cu-N(1) 1.958(9) CeN(2) 1.974(7)
Cu—N(8) 2.015(7) CeN(7) 2.027(7)
Cu-0(41) 2.230(15) CuO(1S) 2.384(10)
O(1)-N(9) 1.264(10) N(1)-C(1) 1.135(12)
N(2)—C(2)#1 1.127(11)

C(1)-Fe-C(2) 89.2(3) N(1)}-Cu—N(2) 88.7(3)
C(1)-N(1)-Cu  172.3(10)  C(2#N@)-Cu  173.5(9)
N(1)—C(1)-Fe 178.1(9) N(2)#EC(2)—Fe 176.2(8)

aSymmetry transformations used to generate equivalent atoms:
#1l—-Xx+2,-y+2,—-z+ 2.

Figure 1. Crystal structure ot*" (ORTEP diagram; ellipsoids at the 30%
probability level). The solvent molecules coordinated to the Cu ions were
omitted for clarity.

Fe:-Cu edge lengths are 4.9747¢7).9995(5) A forl and
5.007(2)-5.037(1) A for2. The smaller square core af
was explained by the strongerback-donation from the
Fe(ll) ion to the cyanide groups. hand?2, the Fe(ll) ions
have a six-coordinate geometry with four of the coordination
sites occupied by nitrogen atoms from dmbpy and the

Figure 2. Crystal structure 025" (ORTEP diagram; ellipsoids at the 30%
probability level). The solvent molecules coordinated to the Cu ions were
omitted for clarity.

has a distorted octahedral coordination geometry with two
cyanide nitrogen atoms (GtN = 1.958(9) and 1.974(7) A),
one impy (Cu-N = 2.015(7)-2.027(7) A), and two solvent
oxygen atoms (CtO = 2.23(2)-2.38(1) A). The &N
bond distances and CN stretching frequencies of the cyanide
groups forl and?2 are not so sensitive to the oxidation state
of iron ion. The strong and weal(CN) bands forl and?2
were observed at 2119 and 2116 ¢énrespectively, which
are in contrast to mononuclear complexes of [Fe(€N)
(phen)] and [Fe(CN}(bpy)](CIO4). The CN bond distances
in [Fe(CN)(phen}] and [Fe(CN)(bpy)](CIO4) are 1.149-
(7)—1.151(7) A and 1.123(9)1.142(5) A withv(CN) bands
at 2075 and 2120 cm, respectively°

Magnetic Properties of 1 and 2.Temperature depend-
ences of the magnetic susceptibilities fbrand 2 were
measured down to 2.0 K, and results are shown in Figure 3.

In 1, the Fe(ll) ions are in a diamagnetic low-spin state
(5= 0), and the Cu(ll) ions and the imino nitroxide have an
unpaired electrong= 1/,). TheynT value of1 did not show
temperature dependence down to 10 K, andghE value

remaining cis positions occupied by the carbon atoms of the (2.090 ema* mol~* K) at 300 K is higher than the value

cyanide groups. The FeN(dmbpy) bond lengths are in the
ranges 1.953(3)2.008(3) A for1 and 1.956(8)1.974(7)
A for 2. The Fe(ll)-C(CN) in 1 are shorter (1.895(3)1.897-
(3) A) than the corresponding bond lengths for the Fedll)
C(CN) bonds in2 (1.92(1)-1.95(1) A), in contrast to the
CN bond lengths i (1.156(1)-1.158(1) A) and? (1.13(1)

(1.5 emu?! K mol~* with g = 2.00) expected for the four
uncorrelated doublets. The orthogonal arrangement of the
Cu(ll) magnetic orbital (d-,#) and imino nitroxide magnetic
orbitals (pr*) leads to the fairly strong ferromagnetic
interaction present between the Cu(ll) and radical centers.
Assuming that each Cu(Hradical moiety acts as a triplet

A). Again the shorter bond lengths can be explained by species and the two Cu(Hyadical moieties are magnetically

strongerz-back-donation irl. The Cu(ll) ions inl adopt a
square pyramidal geometry, in which the equatorial coordi-

isolated due to the low-spin Fe(ll) ions, the sum of the Curie
constants of the two triplets becomes 2.0 efmol™?! K,

nation sites are occupied by four nitrogen atoms from the Which is equal to thgmT value at 300 K. This implies that

bidentate impy ligand and two cyanide groups (CufN)
= 1.947(3)-2.039(3) A) and the apical position is completed
by methanol (Ca-O = 2.255(3) A). Each Cu(ll) ion ir2

(10) (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 3. ymT—T plots for1 (a) and 2 (O). The solid line for2 was
calculated using the parameters given in the text.

the ferromagnetic interaction between the Cu(ll) ion and the
coordinated imino nitroxides is stronger than 300 K. It has
been reported that the strict orthogonality of the magnetic
orbitals in Cu(ll)-imino nitroxide leads to the fairly strong
ferromagnetic interactions) (> 300 K)1!

The magnetic susceptibility measurements Zahowed
a quite different behavior fronl. The ynT values for2
increased as the temperature was lowered, and reached
maximum value of 5.065 emu mdl K at 7.0 K. This
magnetic behavior is characteristic of the occurrence of the
ferromagnetic interaction in the high-temperature range. The
molecular square d? consists of six paramagnetic centers
with the Fe(lll) ions in a paramagnetic low-spin stafs=
;). The room temperaturg,T value for2 is 3.100 emu

(11) (a) Cogne, A.; Laugier, J.; Luneau, D.; Rey,liRorg. Chem 200Q
39, 5510. (b) Luneau, D.; Rey, P.; Laugier, J.; Fries, P.; Caneschi,
A.; Gatteschi, D.; Sessoli, R. Am. Chem. So0d 991, 113 1245. (c)
Oshio, H.Inorg. Chim. Acta2001, 324, 188.
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mol~! K, which is larger than the value (2.25 emu mioK
for g = 2.0) expected for the six isolated doublets. Treating
the Cu(ll)y-radical pair as a triplet species like the ymT
value for the uncorrelated pair of triplets (Cuftbadical pair)
and pair of doublets (Fe(lll) ion) becomes 2.97 emu Thol
K (gre = 2.15 andgcy-radicas = 2.05). This value is in good
accord with the experimental value at 300 K; the magnetic
data was, therefore, analyzed using a four spin model of the
two triplets (Cu(ll)-radical pair) and two doublets (Fe(lll)
ion) with an exchange coupling constahtepresenting the
magnetic interactions between the Fe(lll) and Cu{tgdical
centers = —2J SeScu-radica). Least-squares analysis
using the data above 20 K yielded the best fit valggesand
Jvalues of 2.146(3) and 4.9(1) ct respectively, where a
fixed gcu-radicar Value of 2.050, estimated fdr was used. A
sudden decrease of thg,T values belav 7 K is due to
through-space antiferromagnetic interactions and/or contribu-
tion of ZFS term of the&s = 3 state. We also tried to analyze
the magnetic data by introducing diagonal magnetic interac-
tions, but the calculation over the whole temperature range
was divergent.

In summary, the alternative arrangement af po, and
& spins in the square was a successful method for preparing
a high-spin square with a8 = 3 spin ground state.
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