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Two cyano-bridged Cu'-MY [M = Mo (2), W (3)] complexes formed by self-assembly of octacyanometalates
[M(CN)g]*~ (M = Mo, W) with a new molecular precursor [Cu(L2)]?* (1) (L2 = a macrocyclic ligand) in a 2:3 ratio
have been investigated in terms of structures and magnetic behaviors. The M,Cus repeating unit of both bimetallic
compounds is extended to a two-dimensional honeycomblike layered structure. The pendant ethyl groups on L2
noticeably influence the structural parameters around the Cu center. Compared with the system composed of a
macrocycle without a side group, Cu—Nay (ax = axial) distances become shorter and the Cu—Na-Cax angles are
more bent for 2 and 3. The magnetic data denote that the Cu(ll) and M(V) spins undergo explicit ferromagnetic
interactions via CN bridges. From a structural and magnetic point of view, given that the Cu—Na bond length in
the tetragonally distorted octahedral Cu(ll) environment is long enough, the overall ferromagnetic character remains
despite the variation of Cu—Na—Cax angle in this system.

Introduction netic coordination polymers stems from the merits of the
strong magnetic interactions induced by their diffuse orbitals,
diverse geometric structures, and photoresponsive features.
In particular, a number of bimetallic assemblies based on
[M(CN)g]*~ (M = Mo, W) exhibiting intriguing magnetic
and other properties have been synthesized and characterized.
These compounds are formed by self-assembly of [MEEN)
with divalent metal ions of Mn(lI§, Co(ll),° Ni(ll),° and
Cu(I** occupied by ancillary ligands. Their structures vary
from discrete molecules, one-dimensional (1D) chains, and
2D layers to 3D frameworks.1!

For octacyanometalate-based @4 (M = Mo, W)
metallic systems, the magnetic properties may be governed

Molecule-based magnetic materials have attracted much
attention because of their potential applications in magnetic
devices! Hexacyanometalates [A(CN)~ (A = Cr, Mn, Fe,
etc.), as building blocks, have been extensively stutiat
bimetallic assemblies with multidimensional structures have
shown not only spontaneous magnetization at Highbut
also appealing properties concerning magneto-chiral dichro-
ism;* photomagnetic effects,and porous metalorganic
frameworks®

Recently, the frequent use of octacyanometalates [B{CN)

(B = 4d or 5d metal ions) as appropriate synthons for mag- bi
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by orbital consideration: the overlap between the dvlachd

Cu dv orbitals results in ferromagnetic interactions caused
by orbital orthogonality, while the overlap between the M
dz and Cu dk orbitals favors antiferromagnetic couplingg?
However, the magnetic consequences in the latter are not
well established. To probe the magnetic-exchange nature
between paramagnetic centers for the latter, it is necessary

X:HQ“:% XQ
O O

to control specific binding sites for bridging units. A rational
design for a model system of interest is to confine the

coordination sphere by reserving preprogrammed locations

for incoming bridges. Our efforts to this end have been to
employ octahedral Cu(ll) complexes blocked by suitable
tetradentate macrocyclic ligands in which four equatorial
positions are filled by nitrogen atoms from a macrocycle and
two axial sites are weakly bound by good leaving groups.
In this line, octacyanometalate-based Cuf{N)(V) com-
pounds with 1D or 2D structures, in which the Cu ions are
surrounded by macrocyclic ligands, were investigated, indi-
cating that global ferromagnetic interactions take place
among Cu(ll) and M(V) spin& The structural parameters
around the Cu centers can be subtly modulated by accommo

dating side groups on macrocycles. To scrutinize the genuine

magnetic character between Cu(ll) and M(V) through the
axial CN linkage, we have extended our work to choose a
macrocyclic ligand that has a bulky side group capable of
altering structural features.

L1 L2
with cyclam (cyclam= 1,4,8,11-tetraazacyclotetradecane)
containing no side group32 Magnetic data reveal that the
Cu(ll) and M(V) ions interact ferromagnetically through the
CN ligand. From structural and magnetic considerations,
when the Cu-Nyy distance is long enough, the ferromagnetic
nature remains dominant even though the-Gly,—C.x angle
varies.

Experimental Section

Reagent.(BusN)3[M(CN)g] (M = Mo, W) was prepared accord-
ing to the literature proceduféAll the other chemicals and solvents
in the synthesis were of reagent grade and used as received. All
manipulations were performed under aerobic conditions.

Synthesis.Caution: Perchlorate salts of metal compounds with
organic ligands are potentially explag. Only small amounts of
material should be cautiously handled.

L1-2HCIOg. Perchloric acid (60%, 3.57 mL) was added dropwise

Herein, we report the syntheses, crystal structures, andto an ice-cooled EtOH (30 mL) solution of 1,2-diaminocyclohexane

magnetic characterization of two unique honeycomblike
sheets [Cu(L2}]Mo(CN)g]*6H,0-2MeOH @-6H,0-2MeOH)
and [Cu(L2)§W(CN)g]2:6H20-2MeOH 3-6H,0-2MeOH)
self-assembled using [M(CR}~ (M = Mo, W) and a new
molecular precursor [Cu(L2)(Cly] (1) with ethyl side

(5.0 mL). Ethyl vinyl ketone (4.1 mL) was slowly treated in an ice
bath, and the color of the solution was changed from clear yellow
to deep brown. The resultant solution was stirred at room temper-
ature for 3 days. The final product was filtered off, washed with
EtOH, and dried in a vacuum. Yield: 12%. Anal. Calcd fopids,-
CILN,Og: C, 47.1; H, 7.54; N, 9.98. Found: C, 47.2; H, 7.33; N,

groups on the macrocyclic ring. The pendant groups render g 4

the Cu-Nq (ax = axial) bond length shorter and the €u
NC angle more bent than those of the CufiMo(V) system

(8) (a) Larionova, J.; Gross, M.; Pilkington, M.; Andres, H.; Stoeckli-
Evans, H.; Gudel, H. U.; Decurtins, 8ngew. Chem., Int. E200Q
39, 1605. (b) Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hidai, M.; Fujishima,
A.; Ohkosh, S.-i.; Hashimoto, KI. Am. Chem. So200Q 122 2952.
(c) Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hidai, M.; Verdaguer, M.;
Ohkoshi, S.-i.; Hashimoto, Klnorg. Chem.200Q 39, 5095. (d)
Kashiwagi, T.; Ohkoshi, S.-i.; Seino, H.; Mizobe, Y.; Hashimoto, K.
J. Am. Chem. So2004 126, 5024. (e) Podgajny, R.; Desplanches,
C.; Sieklucka, B.; Sessoli, R.; Villar, V.; Paulsen, C.; Wernsdorfer,
W.; DromZee, Y.; Verdaguer, MInorg. Chem.2002 41, 1323. (f)

Li, D.-f.; Gao, S.; Zheng, L.-m.; Tang, W.-¥. Chem. Soc., Dalton
Trans.2002 2805.

(9) (a) Li, D.; Zheng, L.; Zhang, Y.; Huang, J.; Gao, S.; Tang,|dérg.
Chem.2003 42, 6123. (b) Song, Y.; Zhang, P.; Ren. X.-M.; Shen,
X.-F.; Li, Y.-Z.; You, X.-Z. J. Am. Chem. So@005 127, 3708.
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2002 41, 5891.

(11) (a) Korzeniak, T.; Stadnicka, K.; Rams, M.; Siekluckalri®rg. Chem.
2004 43, 4811. (b) Korzeniak, T.; Podgajny, R.; Alcock, N. W.;
Lewinski, K.; Balanda, M.; Wasiutynski, T.; Sieklucka, Bolyhedron
2003 22, 2183. (c) Ohkoshi, S.-i.; Arimoto, Y.; Hozumi, T.; Seino,
H.; Mizobe, Y.; Hashomoto, KChem. Commun2003 2772. (d)
Podgajny, R.; Korzeniak, T.; Balanda, M.; Wasiutynski, T.; Errington,
W.; Kemp, T. J.; Alcock, N. W.; Sieklucka, BZhem. Commur2002
1138. (e) Li, D.-f.; Zheng, L.-m.; Wang, X.-y.; Huang, J.; Gao, S.;
Tang, W.-x. Chem. Mater.2003 15, 2094. (f) Korzeniak, T.;
Stadnicka, K.; Pelka, R.; Balanda, M.; Tomala, K.; Kowalski, K.;
Sieklucka, B.Chem. Commur2005 2939.

(12) (a) You, Y. S.; Kim, D.; Do, Y.; Oh, S. J.; Hong, C. Borg. Chem.
2004 43, 6899. (b) You, Y. S.; Yoon, J. H.; Lim, J. H.; Kim, H. C.;
Hong, C. S.Inorg. Chem.2005 44, 7063.
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L2. NaOH (0.16 g) and NaBH(0.18 g) were added ov@ h to
a methanolic solution (5 mL) of L2HCIO, (1.0 g) in an ice bath.
The mixture was stirred at room temperature Zch and refluxed
for 20 min. The filtrate was treated with NaOH (0.48 g) in water
and stirred for 10 min. The white solid was filtered off, washed
with H,O, and dried in a vacuum over®s. Yield: 88%. Anal.
Calcd for GoHasN4: C, 72.4; H, 12.2; N, 15.4. Found: C, 72.0;
H, 11.8; N, 15.6.

[Cu(L2)(CIO 4)2] (1). A methanolic solution (75 mL) of Cu-
(OAC),*H,0 (2.8 mmol) and L2 (2.8 mmol) was heated at reflux
for 1 h and cooled to room temperature. The addition of NaClO
(5.6 mmol) to the solution produced precipitates immediately. The
product was collected by filtration, washed with MeOH, and dried
in air. Red single crystals were obtained by recrystallizing the solid
in MeCN/ether. Yield: 88%. Anal. Calcd for{@H,,CICu sN>Os:

C, 42.1; H, 7.07; N, 8.93. Found: C, 41.9; H, 7.05; N, 8.62.

Compound 2.A methanolic solution of (B4N)s;[Mo(CN)g] (0.10
mmol) was added with stirring td (0.15 mmol) dissolved in
MeCN/H,O (5:1). The filtered solution was left undisturbed in the
dark, forming pale brown crystals in a yield of 80%. The dried
product was analyzed a&6H,0. Anal. Calcd for GH;14/Cus-
Mo,N,gO6: C, 49.2; H, 7.25; N, 19.6. Found: C, 49.6; H, 6.79; N,
19.9.

Compound 3.A methanolic solution of (BiN)3[W(CN)g] (0.10
mmol) was added ta (0.15 mmol) dissolved in MeCN/A® (5:1).

(13) Pribush, R. A.; Archer, R. Onorg. Chem.1974 13, 2556.



Cyano-Bridged Honeycomblike Layers Y#-Cu'

Table 1. Crystallographic Data fot—3

1 2-6H,0-2MeOH 3-6H,0-2MeOH
formula Gi1H22ClICuo 50N204 CaoH76CUL.5sMON 1404 CaoH76Cun sN1404W
fw 313.53 1032.42 1120.33
cryst syst monoclinic triclinic triclinic
space group P2;/n P1 P1
temp (K) 298 130 130
a(A) 9.2736(2) 10.3001(2) 10.3034(2)

b (A) 11.6867(2) 16.3346(4) 16.2949(3)
c(A) 13.0068(2) 16.4319(4) 16.4554(3)

o (deg) 90 74.3290(10) 74.4490(10))
B (deg) 96.4030(10) 86.3890(10) 86.0210(10)
y (deg) 90 78.1000(10) 78.3160(10)
V (A3) 1400.85(4) 2604.59(10) 2606.12(8)

z 4 2 2

deatea (g 1 3) 1.487 1.316 1.428

u (mmY) 1.021 0.899 2.863

F(000) 662 1087 1151

0 range (deg) 2.3528.33 1.29-28.27 1.28-28.28
reflns collected 13 367 41992 43 256
unique reflns 3459 12715 12743
params 170 571 571

R12[1 > 20(1)] 0.0404 0.0493 0.0396
WR2 [I > 20(1)] 0.1132 0.1378 0.1056

ARL= Y [|Fol — IFcll/ZIFcl. PWR2 = [YW(Fo? — FA)2 3 W(Fo?)? 22

After it was stirred for a few minutes, the resulting solution was the perchlorate peaks in the IR spectrum. The CN stretching

filtered. The filtrate was allowed to stand undisturbed in the dark, vibrations are present at 2145m and 2156m (sh)dior 2

giving violet crystals in a yield of 79%. The dried solid was gnd 2143m and 2151m crhfor 3. On the basis of the

analyzed a8-6H,0-MeOH. Anal. Calcd for GaH14sCUsN260/Wo: reference CN peaks centered at 2140m and 2123 fon

C, 448 H, 6.75, N, 17.7. Found: C, 45.1; H, 6.28; N, 17.7. (BusN)sMo(CN)s and 2141m, 2130m, and 2123m (sh)dm
Physical MeasurementsElemental analyses for C, H, and N for (BuN)sW(CN)g, the peaks at 2156n2)and 2151m crr

were performed at the Elemental Analysis Service Center of Sogang (3), which shift toward higher frequencies than the references
University. Infrared spectra were obtained from KBr pellets with a ! '

Bomen MB-104 spectrometer. Magnetic susceptibility data2for are assigned to bridging CN groups, while the _bands at
and3 were carried out using a Quantum Design MPMS-7 SQUID 2140m @ and 2143m cmt (3) involve unbound CN ligands
susceptometer. Diamagnetic correction® ahd3 were estimated  in the [M(CN)]*~ unit. There are broad bands around 3466
from Pascal’s Tables. cmtin 2 and around 3500 crdin 3, which can be attributed

Crystallographic Structure Determination. X-ray data forl—3 to the OH stretchings of lattice water molecules, implying
were collected on a Bruker SMART APEXIl diffractometer the existence of hydrogen bonds. For secondary amines, NH
equipped with graphite-monochromated Ma Kadiation ¢ = stretchings appear at 3227s and 3171sdior 2 and 3243s,

0.71073 A). The reflection data were corrected for Lorentz and 32275 (sh), and 3174m (br) cifor 3. The advent of more

polarization factors. The structures were solved by dirégto¢ than two peaks for the secondary NH groups, compared to
PattersonZ and3) methods and refined by full-matrix least-squares the IR band of the NH moiety i, shows that hydrogen
analysis using anisotropic thermal parameters for non-hydrogen bonds are involved '

atoms with the SHELXTL prograr. All hydrogen atoms except L .
for the hydrogens bound to water or MeOH molecules were !Descrlptlon of.the Structures.An ORTEP diagram ot
calculated at idealized positions and refined with the riding models. IS illustrated in Figure 1. Selected bond distances and angles

Crystallographic data and the details of data collection are listed @€ sSummarized in Table 2. The Cu atom in an inversion
in Table 1.

Results and Discussion

Synthesis and CharacterizationThe IR data foil exhibit
a NH stretching of secondary amines evident at 3207s.cm
The characteristic bands for perchlorate anions are observed
as strong multiple peaks in the range of 168643 cm™.
Compound? and 3 were prepared by treating [Cu(L2)]
with [M(CN)g]®~ in a stoichiometric ratio of 3:2. Two per-
chlorate anions coordinated to a Cu centet wfere replaced
by the nitrogen atoms of CN ligands among the precursor
[M(CN)g]®~, generating neutral coordination polymers2of
and3. The reaction progress was checked by the absence of

(14) Sheldrick, G. MSHELXTL, version 5; Bruker AXS: Madison, WI,
1995. Figure 1. ORTEP diagram ofl with the atom-labeling scheme.

Inorganic Chemistry, Vol. 45, No. 19, 2006 7823
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Table 2. Bond Lengths (A) and Angles (deg) fa?

Cu(1)-N(2) 2.0164(18) Cu(ByN(2) 2.0164(18)
Cu(1)-N(1) 2.0403(17) Cu(1yN(1) 2.0403(17)
N(@2)—-Cu(1)-N(2)  180.0 N(@2)-Cu(l)-N(1)  85.06(7)

N(@2) —Cu(l)-N(1)  94.94(7)  N(2Cu(1}-N(1)  94.94(7)
N(2) —Cu(1)-N(1)  85.06(7)  N(1)—Cu(1)-N(1) 180.0
N(@4)-N(1)-Cu(l)  108.19(12) C(BN(1)-Cu(l) 121.42(14)
C(9)-N(2)-Cu(l)  116.80(15) C(18)N(2)—Cu(l) 108.03(13)

a Symmetry transformations used to generate equivalent atoms:x(i)
-y+2,—-z+ 1.

center adopts a distorted octahedral geometry, consisting of

four equatorial N donors of the macrocyclic ligand (L2) with

an average CuN length of 2.03(1) A and two axial O atoms

of perchlorate anions with a significant tetragonal elongation

(Cu—01=2.762(3) A) resulting from the JahkT eller effect

of a octahedral Cu(ll) ion. The macrocycle forms two five-

membered rings and two six-membered rings with the metal

center. The six-membered chelate rings possess a chaiFigure 2. Molecular view of2: C, gray; N, blue; Cu, green; Mo, pink.
conformation, and the five-membered-rings appear to be in

a gauche conformation. The bite distance (2.989(3) A) of Table 3. Bond Lengths (A) and Angles (deg) far

the six-membered rings is larger than that (2.742(3) A) of Mo(1)—C(1) 2.145(3) Mo(1}-C(6) 2.146(4)
the five-membered rings. The bite angles of the six- and five- ~ Mo(1)—C(4) 2.150(3) Mo(1)-C(3) 2.156(4)
membered rings are 94.94(7) and 85.08(7hese values mgggiggg g}g;gg mggggg% g:ig;gg
are typical of those for the six- and five-membered chelate  n)-cu() 2.416(3) N(4}Cu(2) 2.466(3)
rings in compounds coordinated by a 14-membered macro- Cu(1)-N(9) 2.019(3) Cu(1yN(10) 2.053(3)
cyclic ligand!s The macrocycle L2 can be described as a gﬂg)):mgig ggiggg gﬂ%ﬂgg g:gggg;
R,R,S,S-configuration in which the orientation of the two  cy(3)-N(s) 2.515(5)

hydrogen atoms of the secondary amines connected to the, (1)-Mo()-C(6)  141.19(15) C(EMo(1)—C(d) 121.13(14)

Cu(ll) center is opposite to that of the other two hydrogen c(g)-mo(1)-c(a)  76.40(13) C(tyMo(1)—C(3) 73.45(18)

atoms, allowing the thermodynamically most stable arrange- C(6)-Mo(1)—C(3) 79.99(19) C(4yMo(1)—C(3) 74.35(15)

o C(1)-Mo(1)—C(8) 76.73(14) C(6)Mo(1)—C(8) 113.50(15)

ment. The pendant groups (EE6) are ppsmoned almost Cld)-Mo(1)-C(8)  139.72(13) C(3rMo(1)—C(®) 14417(15)

perpendicular to the Cufbasal plane, which can affectthe  c(1)-mo(1)-c(5)  141.12(15) C(6}Mo(1)—C(5) 73.91(17)

coordination patterns of incoming CN ligands. The hydrogen C(4)-Mo(1)—C(5) 74.66(15) C(3yMo(1)—C(5) 143.24(18)

: i1 C(8)—Mo(1)—C(5) 71.52(14) C(1)Mo(1)-C(2) 72.31(12)

atoms of the secondary amines undergo hydrogen bonds WIthC(G)—Mo(l)—C(Z) 14374(13) C(#)Mo(1)—C(2) 7142(12)

oxygen atoms of the perchlorate anions (Nd1---02 = C(3-Mo(1)-C(2)  106.35(14) C(8YMo(1)—C(2) 82.57(13)

3.162(4) A,ON1H102 = 162; N2—H2---O3 = 3.059(5) ggg;—Moglg—ggzg 8%.;851;1; ggzlglvloglg—ggg 75.;2&13))
_ —Mo(1)—C(7 72.39(1 Mo(1)—C(7 141.81(1

A, ON2H203= 157), C(3)-Mo(1)-C(7) 78.99(13) C(8)yMo(1)—C(7) 74.51(12)

Compound?, which is isostructural witl3, crystallizes in C(5)-Mo(1)-C(7)  115.90(13) C(2)Mo(1)—C(7) 143.61(12)

ialini i " N(1)-C(1)-Mo(1)  178.5(3)  C(1}N(1)—Cu(1) 153.8(3)
the triclinic crystal system with the space groBf. The N@)-CZIMo(l) 1752(3)  N(3-C(3)-Mo(l) 178.7(5)

representative structural view @fwith the selected atom-  n@a)-c4)-Mo(1) 176.7(3)  C(4)N(4)—Cu(2) 146.3(3)
numbering scheme is shown in Figure 2. Selected bond N(5)-C(5)-Mo(1)  176.5(4)  N(6}-C(6)—Mo(1) 178.1(4)

; ; i N(7)-C(7)-Mo(1)  179.5(3)  N(8-C(8)-Mo(1) 177.9(3)
dlstancgs and angles ®fand3 are given in Tz_;\bles 3 and 4, N(O)-CU(L)-N(10)  9514(13) N(Sy-Cu(Ly-N(10) 84.86(13)
respectively. Each asymmetric unit ®fand3 is composed N(9)—Cu(1)-N(1) 94.72(13) N(9)—~Cu(1)-N(1) 85.28(13)
of two [M(CN)g]®*~ (M = Mo, W) anions and three [Cu- gglo);c(ug()l)—CN((lg 96.%%%2) I(\é((lg){c(lg)(lél\é(:;) %%7%2)

; 11)-N(9)—Cu(1) 117 16YN(9)—Cu(1 108.1
(ITZ)]2+ cations. The_cgntral geometry arqund M gdopts a C(16)-N(10)-Cu(l) 1081(2) O(L3N(L0)-Cu(l)  119.8(3)
distorted square antiprism. The M center is coordinated by N(12)-cu(2)-N(11)  95.20(10) N(12)—Cu(2)-N(11)  84.80(10)
eight CN groups with average MAC bond distances of mggfgug)%_mgg gi.gigég “Eﬁg*gug)t“gg 22.411(75&(1);

i —Cu . ) —Cu .
2.155(8) A for 2 and. 2.161(1Q) A f0r3. The. brldgmg_ COINALCUR) 107.14(18) CEAN(L-CUEZ  120.7419)
M—C—N angles remain almost linear with maximum devia- c(27)-N(12)-Cu(2) 116.83(19) C(28)N(12)-Cu(2)  107.56(18)
tions from linearity of 4.8 2) and 4.9 (3), respectively, ggjg:ﬁ(ul(g))—g(l(g; 1%‘;-?335((113)) lé(ég ggg§3)(—:l\l((31)3) 1912-3;%1)
H H —Cu . —Cu .
which are in the normal range of t_he r_elated _:systéTﬁs. C(39)-N(14-Cu(3) 10858(19) CUGIN(LA-Cu@3)  117.1(2)
Three CN groups of the [M(CNJF~ unit bridge neighboring < . _ g ol
: H a ymmetry transformations used to generate equivalent atoms:

Cu(ll) atoms with distances of 5.5551(3) A for MeCul, XLy 1, —7 (i) ~% —y+ 1, —2+ 1: (i) —x+ 1, —y, 2+ 1.
5.4987(3) A for Mot-Cu2, and 5.4552(3) A for Mo1Cus3,

which are quite similar to those of 5.5495(2) A for W1

(15) (a) Suh, M. P.; Shin, W.; Kang, S. G.; Lah, M. S.; Chung, T. M.
Inorg. Chem 1989 28, 1602. (b) Suh. M. P.; Shin, W.. Kim. H. koo, CUL, 5:5041(2) A for WECu2, and 5.4576(2) A for Wi

C. H. Inorg. Chem.1987, 26, 1846. Cu3.
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Table 4. Bond Lengths (A) and Angles (deg) f8?

W(1)—C(4) 2.149(4) W(1)C(1) 2.154(5)

W(1)—C(6) 2.154(5) W(1)-C(2) 2.156(4)

W(1)—C(7) 2.157(5) W(1)-C(8) 2.171(4)

W(1)-C(5) 2.173(5) W(1)-C(3) 2.173(4)

N(1)—Cu(1) 2.409(4) N(4)}Cu(2) 2.457(4)

Cu(1)-N(10) 2.018(3) Cu(1yN(9) 2.052(4)

Cu(2)-N(11) 2.025(3) Cu(2yN(12) 2.060(3)

Cu(3)-N(13) 2.019(3) Cu(3¥N(14) 2.052(3)

Cu(3)-N(6) 2.535(6)
C(4)-W(1)—C(1) 120.85(18) C(4YW(1)—C(6) 76.55(16)
C(1)-W(1)—C(6) 140.81(19) C(4W(1)—-C(2) 139.92(16)
C(1)-W(1)—-C(2) 76.39(17) C(6YW(1)—C(2) 114.20(19)
C(4-W(1)—C(7) 74.34(18) C(BXW(1)—C(7) 142.06(17)
C(6)-W(1)—C(7) 735(2)  C(2rW(1)-C(7) 72.60(17)
C(4)-W(1)—C(8) 71.36(15) C(LyW(1)—C(8) 72.62(16)
C(6)-W(1)—C(8) 143.75(17) C(2YW(1)—C(8) 82.06(15)
C(7)-W(1)—C(8) 81.85(17) C(4yW(1)—C(5) 74.40(18)
C(1)-W(1)—C(5) 72.9(2)  C(6yW(1)-C(5) 80.1(2)
g%_wg;_ggg 132228?; gzwg;_ggg iﬁggz()lS) Figure 3. 2D extended layer structure @fillustrating a honeycomblike
C(1)-W(1)—C(3) 74.94(16) C(6YW(1)—C(3) 72.41(16) structure.
C(2-W(1)—-C(3) 74.56(15) C(AHW(1)—C(3) 116.02(17)
C(8)-W(1)—-C(3) 143.56(15) C(5yW(1)—C(3) 78.94(16) caused by the presence of the pendant ethyl groups on the
N(1)-C(1)-W(1) 179.2(4)  CyN(L)—-Cu(l)  152.7(4) macrocycle L2, relatively located in a torsion angle (76.3-
N(2)—C(2)-W(1) 178.2(4)  N(3Y-C(3)-W(1) 179.3(4) . ' o j
N(4)—C(4)-W(1) 177.2(4) C(4¥N(4)—Cu(2) 146.7(4) (3) ) of Cu3—N13---C33—C32, which in turn serves as a
N(5)—C(5)-W(1) 179.4(4)  N(6)-C(6)-W(1) 178.2(4) source of the variation in the CtNax bond lengths and
N(7)—C(7)-W(1) 177.2(5)  N(8Y-C(8)-W(1) 175.1(4) i : _
N(10) —Cu(1-N(9)  84.80(15) N(10yCu(1}-N() 9520015y  nonlinearity on the CtNa—Cax angle. .
N(10)—Cu(L)-N(1) 94.36(15) N(9)-Cu(L)-N(L) 95.97(15) Figure 3 illustrates the extended molecular viev2 gior-
N(10)-Cu(1)-N(1) 85.64(15) N(9)-Cu(1)-N(1) 84.03(15) traying a fascinating honeycomblike structural type, which

C(A1-N(9)-Cu(l)  107.9(3)  C(14N(9)-Cu(l)  120.8(3) i ; ) ; i
CUI6)-N(10)-Cu(l) 116.6(3) GULANUO0-CU(l) 1085(3) is also found in those of hexacyanometalate-based bimetallic

N(11)-Cu(2-N(12)  84.88(13) N(11)-Cu(2-N(12) 95.12(13) assemblie$® The edge distances between M atoms in an
N(11)—-Cu(2)-N(4)" 86.96(14) N(12)-Cu(2)-N(4)'  95.07(13) irregular hexagon are in the range from 10.9104 to 11.1101
NAD-CuerN) | 9304014) NIDCURINE - 8493013) A for 2 and from 10.9153 to 11.0990 A fa The diagonal
C(27-N(12-Cu(2) 107.1(2) C(28}N(12)-Cu(2) 120.9(2) M centers in the same hexagon are separated with distances
N(13)! —Cu(3)-N(14) 84.72(13) N(13}Cu(3)-N(14)  95.28(13) spanning from 19.6980 to 23.6564 A @and from 19.6396
ggg)tmgﬁ;:gﬂgg iég:gg; gg?}“gigigﬂg Egggg to 23.6515 A for3. The layer structure is ascertained by the
a Symmetry transformations used to generate equivalent atoms:x (i) Sl.de view, shown in Figure S2. The shortest interlayerd
Loy 1, =7 (i) =% —y + 1,2+ L (il)) ~X + 1, —y + 2, =2+ 1. distances are 9.1558(3) A f@&, and 9.2062(2) A for3,
respectively. Hydrogen bonds are formed among the nitrogen
Each Cu atom adopts a distorted octahedral environmentatoms of CN |igandsy oxygen atoms of water/methanol mol-
with two axial nitrogens (W) of bridging CN groups and  ecules, and secondary amines of L2 with distances in the
four equatorial nitrogens @ of the macrocycle L2. The  range of 2.546:3.407 A for2 and 2.900-3.426 A for3.
Cu—Nay distances ir2 are 2.416(4) A for CutN1, 2.466- Magnetic Properties. The magnetic susceptibility data for
(3) A for Cu2-N4, and 2.515(5) A for Cu3N6, whereas 2 and3 were collected in a magnetic field of 1000 G and
those in3 are 2.409(5) A for CuxN1, 2.457(6) A for Cuz- plotted in Figures 4 and 5. The,T values are equal to 1.93
N4, and 2.535(6) A for Cu3N6. Compared to the CtNeq (2) and 1.90 criK mol—1 (3) at 300 K, which are consistent
distance of 2.04(2) A, these longer axial bond lengths, which with the spin-only value (1.88 cirk mol~1) expected for
are magnetically relevant, are definitely associated with the two noninteracting M(V) & = 1/2) and three Cu(ll)%.
Jahn-Teller elongation. The overall CtNabond distances = 1/2) ions.ymT increases slowly upon cooling, and then it
of 2 and 3 are shorter than those of the other comparable increases sharply at low temperatures, reaching 3.23cm
M(V) —Cu(ll) systems; and as a consequence, stronger mag- mol-* for 2 and 6.89 criiK mol~* for 3 at 1.8 K. The max-
netic interactions may be expected. Another important imum value in3 is larger than the expected one (4.38%cm
structural factor to be considered is the-E\u—Cax angle, K mol™Y) for Sr = 5/2 of a ferromagnetic G unit, while
which can be involved in the determination of the degree of the peak value i2 is smaller. This suggests that short-range
orbital overlap between the CN bridges and Cu centers. Theferromagnetic interactions idand the extended correlation
bond angles fo2 and3 are similar, corresponding to 153.8-  |ength through the layer i are involved at 1.8 K. The fitting
(3) and 152.7(#)for Cul-N1-C1, 146.4(3) and 146.7(3)  of the inverse magnetic susceptibility data with the Ctrie

for Cu2—N4—C4, and 140.7(4) and 139.4¢5pr Cu3—N6— Weiss IaWaXm = C/(T - 9)’ gives parameters a =191
C6, respectively. Thus, it is noticed that the bond lengths in
this system are shorter than those in octacyanometalate-base@d®é) (&) Kou, H.-Z; Gao, S.; Bai, O.; Wang, Z.-Nhorg. Chem.2001,
M(V) —Cu(ll) complexes chelated by other macrocyclic é?iesrﬁ%b(cti)gggtial'aMib(1)151\2\/)61#;}{;,%:5'?; 'iorafhggrtggﬁm
ligands!? As depicted in Figure S1, this feature is mainly Acta 2004 357, 3271.
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Figure 5. Plots ofymT and 1fm vs T for 3-6H,O-MeOH. The solid line
presents the best theoretical fit.

cm® K mol™, § =5.68 K (T > 60 K) for2andC = 1.77
cm® Kmol™, 6 = 23.0 K (T > 120 K) for 3. The positive
Weiss constantsf] demonstrate that the ferromagnetic
interactions between neighboring Cu(ll) and M(V) spins in
the lattice are dominating. The obtain@d/alues for2 and 4
3 are higher than those for other Cu(H)(V) systems with H (T)

P .
Ionger Cu-Nay bond Iengthé. It is worth noting that the Figure 7. Field dependence of the magnetizatior8e6H,O-MeOH. The

Weiss Con_Stant o8 is much larger than that &, signaling ~ Brillouin curves (BC) for three isolated Cu(ll) and two W(V) ions are drawn
the operation of stronger ferromagnetic exchange couplingsat various temperatures.

between Cu(ll) and W(V) spins through the CN linkage
rather than through the CtMo pair. One plausible reason
for the observed enhanced magnetic strengthémanates

from the fact that the 5d orbital on W(V) is more diffuse integralt® The J value will be positive ifJ, depending on

i 7
thar-l the 4d orbital on ,M(V)' ) k, predominates ovedagr, proportional toS. This can be
Figures 6 and 7 display the field dependence of the 5ccomplished on the condition 8being quite small or close
magnetization in2 and 3. The magnetization per GM. to zero. This situation might be met because, given the Cu

increases rapidly with increasing field and saturates to vaIuesNaX bond lengths and GaNC angles, the magnetic orbital
of 4.93 N3 (2) and 5.41 I (3), which are close to the (g, ;) on Cu(ll) atom located in the basal plane of L2 does
expected one (5 Blwith g = 2). The experimental curves ot propagate effectively through the empiy orbitals of

at several temperatures are always higher than those derivegh,o cn bridges that overlap invapathway with the orbitals
from the Brillouin function, confirming that the Cu(ll) and (dzde_) of neighboring M(V) atoms? Provided that

M(V) spins are ferromagnetically coupled at that temperature. ferromagnetic interactions are operative in this system, it is
Thus, the M(T) and M(H) data clearly demonstrate that under ¢qnceijvable that the overla)(between magnetic orbitals
the given structural environments the CN bridge mediates of Cu(ll) and M(V) is minimal, eventually making the sum

global ferromagnetic arrangements through the lattice. of Jr andJar positive. Accordingly, when the GeNay bond

6 8

0 2

The total exchange coupling constafit¢an be expressed
as J = Jr (ferromagnetic term}t+ Jar (antiferromagnetic
term) = 2k (>0) + 48S (<0), whereS is the overlap

(17) (a) Song, Y.; Ohkoshi, S.-i.; Arimoto, Y.; Seino, H.; Mizobe, Y.; (18) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 1993.
Hashimoto, K.Inorg. Chem.2003 42, 1848. (b) Yoon, J. H.; Kim, (19) Chibotaru, L. F.; Mironov, V. S.; Ceulemans, Angew. Chem., Int.
H. C.; Hong, C. Slnorg. Chem.2005 44, 7714. Ed. 2001 40, 4429.
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Cyano-Bridged Honeycomblike Layers Y#-Cu'

Table 5. Structural and Magnetic Parameters for has been devised and employed in the construction of cyano-
Octacyanometalate-Based-Mu (M = Mo, W) Systems i NV — i i
with Axial—Axial Bridging Modes Around the Cu lons b_ndged Cd—M [M Mo (2)’ w (3)] bimetallic systems

via a self-assembly process. Both compounds reveal an aes-

compounds C‘E}};\‘QX C“_(g‘gz]_)cax (g) ot thetic structural pattern of honeycomblike two-dimensional
[Cu(cyclam)} D14 2711 14271606 124 1oa sheets. The per_1dant groups on the macrocycle discernibly
[MO(CN)g]»5H,0 affect the variation of Ct#tNax bond length and CtNax—
[le\(/s?%],\sl)] HO 2.534-2.731 11571430 196 20 Ca bond angles. The magnetic studies demonstrate that
ol 25482583 13571578 2.0 12b global ferromagnetic interactions occur under the given
[MO(CN)g]>-6H,0 structural parameters. From these magnetic results, when the
[le\(/b%]éN)s]z-eHzo 2.572-2607 13741502 39  12b Cu—Nax bond length in axially elongated octahedral Cu(ll)
2.416-2.515 140.7153.8 5.68 this work geometry is long enough, the prevalent ferromagnetic nature
3 2409-2.535 13941527 230 thiswork  gppears to be maintained despite the broad range of the Cu

length is sufficiently long, as in this system, the variation of N, —C,, angle.

Cu—Nga—Cax angle may not influence the magnetic character )

in systems with an axially elongated octahedral Cull) ion _ Acknowledgment. This work was supported by a Korea
and [M(CN)]*~ (M = Mo, W) bridged by CN anion&2° Research Foundation Grant funded by the Korean govern-
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coupling tends to increase as the-@, bond length short- ~ 2005-070-C00068) and CRM-KOSEF. We also thank an
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A new mo!ecular precursor Cu(I1) complex with a of 2 (Figures S1 and S2) and crystallographic information in CIF
macrocyclic ligand L2 containing the ethyl pendant groups format. This material is available free of charge via the Internet at
http://pubs.acs.org.
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