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Spin Exchange Coupling in Heterobimetallic M'VVO (M = Cu, Ni, Co, Fe, Mn)
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A series of heterobimetallic complexes [(\®)L1Cu'(u-OAC)(MeOH)](CIOy) (1) and [(MVO)LIM" (u-OAc)-
(H20)](ClIO4)+H20 (M = Ni (2), Co @), Fe @), Mn (5)) derived from a symmetric tetraaminodiphenol macrocyclic
ligand HL1 have been synthesized and characterized. The crystal structdrénaxf been determined. The
complex (G7H41N4O1cCICuV) crystallizes in the monoclinic space groepy/c with a = 13.227(3) Ab = 14.932-

(3) A, ¢ =17.019(3) A, = 112.29(13, andZ = 4. Both the metal centers ihare six-coordinated and are
triply bridged by the two phenolate and the acetate oxygens; the sixth coordination site of the copper atom is
occupied by a distantly placed methanol oxygen-{Qu= 2.452(5) A), while that of the vanadium by the oxo
oxygen (V-0 =1.627(4) A). The metal centers are separated by 3.066(1) A, and the dihedral&ngésgeen
the metal planes is 32.0 Variable-temperature (4300 K) magnetic susceptibility measurementd.eb and of
[(VVO)L2CU' (u-OACc)(H20)](ClOy) (6) (where HL2 is an asymmetric tetraaminodiphenol macrocyclic ligand)
have been made and treated with the spin-Hamiltodas —2JS,-S,. All the complexes, exced, exhibit
ferromagnetic exchange interaction with the following values 6h cm™1): 42.5 (1), 12.0 @), 4.4 3), 4.4 (@),
and 46.0 6); complex5 behaves antiferromagnetically with= —14.2 cnt®. A linear correlation betweehand

A has been proposed for &4VO complexes.

Introduction of magnetic coupling constants as well as to obtain empiric

L ) ) , i magnetostructural correlatiofs!?

The intimate relationship between spin coupling and molec- Although binucl | | h b
ular structure has fostered the emergence of molecular magne- t ough numerous binuclear metal complexes ave been
tism! as a multidisciplinary field of researé@s. The dissection studied structurally and magr]etlcally, only a small fraction of
of spin exchange interactions into ferromagnetic and antiferro- tNem (Iess than 5%) are estimatetb exhibit overall ferro-
magnetic components and identification of these with specific Magnetic behavior. The designing of molecular system that
orbital interactions*5have stimulated quantitative calculaion ~ Would spontaneously order below a certain critical temperature

to display a zero-field magnetization is considered as a major

" Indian Association for the Cultivation of Science. challenging task. One of the strategies to obtain molecular

# Memorial University of Newfoundland. magnet is to induce parallel alignment of neighboring spins
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metallic building blocks. Kahft first proposed that a definitive
way to obtain ferromagnetically coupled bimetallic systems
would be to involve symmetry-related strict orthogonality of
the magnetic orbitals of the interacting metal centers. It was
demonstrateld that in the heterobinuclear &'VO complex
[CuV{ (fsa)-ent (MeOH)] (where{(fsa)-er} is N,N'-bis(2-

Mohanta et al.

cyclic have been investigatédto our knowledge there is no
reported study on the W'VO series with any binucleating
ligand.

Experimental Section

Physical Measurements. Infrared spectra were recorded on a
Perkin-Elmer 783 spectrophotometer using KBr disks. Electronic
absorption spectra were obtained with Shimadzu UV 2100 and Hitachi
U3400 spectrophotometers over the Y¥s and near-IR regions.
Cyclic voltammetric and differential pulse voltammetric measurements
were carried out at room temperature in acetonitrile or dimethyl
sulfoxide solutions (ca. 1 mM) under;Nising a BAS 100B electro-
chemical analyzer (Bioanalytical Systems Inc.). The supporting
electrolyte was tetraethylammonium perchlorate (TEAP, 0.1 M). A
three-electrode assembly (BAS) comprising a glassy-carbon or platinum
disk working electrode, a platinum auxiliary electrode, and a Ag/AgCl
reference electrode were used. The reference electrode was separated
from the bulk solution with a salt bridge having Vycor plug. IR
compensation was achieved before each CV was recorded. The
ferrocene/ferrocenium couple was used to monitor the reference
electrode and was observed at 0.36 V. Elemental (C, H, and N)
analyses were performed on a Perkin-Elmer 2400Il analyzer.

Variable-temperature magnetic susceptibility data of the powdered

hydroxy-3-carboxybenzylidene)-1,2-diaminoethane) the triplet S8mples were measured in the range3@0 K by using an Oxford

ground state is separated from the less populated singlet stat
by 118 cnmt®.  Subsequently, this concept has been used to

produce ferromagnetic effect in several other systems, viz.
Cl,l”leVO,lG CU”CI’”',N’lg Cu”Mn'“,18 Ni”3CI’|“,19 and
Nillleo_ZO

énstruments superconducting Faraday magnetic susceptibility system

with a Sartorius 4432 microbalance. A main solenoid field of 1.5 T
and a gradient field of 10 T m were employed. Susceptibility data
were corrected for diamagnetism (Pascal corrections), for temperature-
independent paramagnetism (TIP), and for the presence of monomeric
impurity. Hg[Co(NCS)] was used as a calibration standard.

In the course of our studies on magnetostructural relationships  synthesis The macrocyclic ligands #1124 and HL221¢ and the

in metal complexes of the tetraaminodiphenol macrocyclic
ligands HL1 and HL2 (Chart 1), we have examined several
types of homo- and heterobinuclear systé##;21including
the carboxylate-bridged complex&s.The present study is

concerned with the structural characterization, electrochemical
behavior and magnetic properties of the heterobinuclear com-

plexes [CUVVOL1(u-OAc)(MeOH)](CIOy) (1), [M"VVOL1-
(u-OAC)(H20)](ClO4).H20 (M = Ni, Co, Fe, Mn) g—5), and
[CU'"VVOL2(u-OAc)(H.0)]-H20 (6). Although magnetic ex-
change interactions in the heterobimetallic'®! (M = Ni,

Co, Fe, Mn) complexes of related tetraiminodiphenol macro-

(14) Kahn, O.; Galy, J.; Tola, P.; Coudanne, HAm. Chem. Sod.978
100, 3931.

(15) Kahn, O.; Galy, J.; Journaux, Y.; Jaud, J.; Morgenstern-Badarau, .
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Inorg. Chem.1994 33, 3, 3990.
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K. K.; Ghosh, S.; Mukherjee, M.; Helliwell, M.; Nag, KI. Chem.
Soc., Dalton Trans1996 4233.
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K. K.; Pal, I.; Baitalik, S.; Nag, KPolyhedron1994 13, 2639. (c)
Nanda, K. K.; Das, R.; Vankatsubramanian, K.; Paul, P.; Nag].K.
Chem. Soc., Dalton Trand993 2515. (d) Das, R.; Nanda, K. K;;
Mukherjee, A. K.; Mukherjee, M.; Helliwell, M.; Nag, KJ. Chem.
Soc., Dalton Trans1993 2241. (e) Das, R.; Nag, Knorg. Chem.
1991, 30, 2831.

(22) (a) Dutta, S. K.; Ensling, J.; Werner, R.;'He, U.; Gitlich, P.; Haase,
W.; Nag, K.Angew. Chem., Int. Ed. Engl997, 36, 152. (b) Dutta,
S. K.; Werner, R.; Flke, U.; Mohanta, S.; Nanda, K. K.; Haase, W.;
Nag, K. Inorg. Chem.1996 35, 2292. (c) Nanda, K. K.; Das, R;
Thompson, L. K.; Vankatsubramanian, K.; Nag,JlKorg. Chem1994
33, 5934.

oxovanadium(lV) complex [VOLXH,0? were prepared as reported
earlier.

Caution: The perchlorate salts of the metal complexes described
below may be explagé and should be handled with great care!

[(VVO)L1CuU" (u-OAC)(MeOH)](CIO 4) (1), [(VVO)LINi" (u-
OAC)(H20)](CIO 4)*H;0 (2), [(VVO)L1Co" (u-OAc)(H:0)](CIO 4)-H,0
(3), [(VVO)L1Fe" (u-OAc)(H20)](ClO 4)-H,0 (4), and [(VVO)LIMn"-
(u-OAc)(H20)](ClO4)-H,0 (5). All these complexes were prepared
in the same way as illustrated below fby except that Cu(CIg),-
6H,0 was replaced with appropriate M(CJ@6H,O (M = Ni, Co,

Fe, Mn). The reactions involving the formation of complexds5
were carried out under an atmosphere of nitrogen.

To a stirred suspension of [(¥O)L1]-H.O (0.49 g, 1 mmol) in
methanol (50 mL) at room temperature were added NaOAc (0.16 g, 2
mmol) and Cu(ClQ)2*6H;0 (0.37 g, 1 mmol). In a short while a clear
yellowish green solution was obtained, from which eventually a green
compound began to separate. Afteh of stirring, the microcrystalline
product that deposited was collected by filtration and washed with
methanol. This on recrystallization from acetonitril@ethanol (1:1)
mixture gave green crystals df yield 0.67 g (90%). Anal. Calcd for
CoHaiN4O1CICuUV: C, 44.32; H, 5.60; N, 7.66. Found: C, 44.14; H,
5.67; N, 7.72. Selected IR data,[cm1]: 3260 m ¢’NH), 1615 sh
(6NH), 1575 s ¢L0O;7), 1410 s L0, "), 1090 s, 630 suCIO47),

945 s pV=0). UV—vis data fmax, NM [, M~ cm™1)] in acetonitrile:
685 (65), 390 (705), 285 sh (7960).i: 2.62ug at 300 K.

Data for2: pink; yield 85%. Anal. Calcd for &H4i:N4O1:CINiV:
C,42.73;H,5.61; N, 7.67. Found: C, 43.01; H, 5.69; N, 7.61. Selected
IR data , cm1]: 3260 w (’NH), 1610 w PNH), 1565 s ¢20O;7),
1425 ¢C0O;7), 1110 s, 620 suClO,7), 935 s ¢V=0). UV—vis data
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Koikawa, M.; Kida, S.; Fenton, Dinorg. Chem.1993 32, 2949. (b)
Lambert, S. L.; Spiro, C. L.; Gagne, R. R.; Hendrickson, DIrrg.
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Duesler, E. N.; Gagne, R. R.; Hendrickson, D.lhbrg. Chem 1981,

20, 1229.
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S. K,; Thompson, L. K.; Nag, K.; Charland, J. P.; Gabe, Hndrg.
Chem.1987, 26, 6, 1391.



Heterobimetallic MV'VO Macrocyclic Complexes

Table 1. Crystallographic Data for
[(VVO)L1CU'(u-OAc)(MeOH)](CIQy) (2)

empirical C/HaiN4O1CICUV ~ Z 4
formula

fw 731.57 (Mo Ka), A 0.71073
space group P2,/c u, cmt 11.31

a, 13.227(3) Pealca g CNT3 1.562

b, A 14.932(3) T,°C 20

c, A 17.019(3) R13(1 > 20(1)) 0.063
B, deg 112.29(1) w2° (all data) 0.166
Vv, A3 3110.2(11)

ARL=[Y||Fol — IFe|l/ZIFol]. ®WR2 = [YW(Fo? — FAHFW(FA)FY2

[Amax M €, M~ cm™3)] in acetonitrile: 1060 (5), 725 (25), 530 (70),
290 (8750). uefi: 3.71ug at 300 K.

Data for3: pink; yield 70%. Anal. Calcd for gH4:N4O1:CICoV:
C,42.72; H,5.61; N, 7.67. Found: C, 42.21; H,5.71; N, 7.56. Selected
IR data p, cmY]: 3270 w (’NH), 1600 w PNH), 1560 s {aCO;7),
1425 s ¢C0,7), 1100 s, 625 siClO,7), 935 ¢wV=0). UV—vis data
[Amax NM €, Mt cm™3)] in acetonitrile: 1000 (8), 715 (30), 525 (85),
260 (7800). ueri: 5.36ug at 300 K.

Data for4: brown; yield 60%. Anal. Calcd for £H4iN4O1:1CIFeV:
C,42.90; H, 5.64; N, 7.70. Found: C, 43.32; H, 5.68; N, 7.60. Selected
IR data f, cY: 3260 w (¢’NH), 1610 PNH), 1570 ¢.CO,7), 1440
s ¥CO,), 1110 s, 625 sCIO47), 950 (PV=0). UV—vis data Lmax
nm (e, Mt cm™1)] in acetonitrile: 1040 (10), 730 sh (85), 535 (60),
290 sh (8050). uefi: 5.6845 at 300 K.

Data for5: pink; yield 75%. Anal. Calcd for gHiN4O1:CIMNnV:

C, 42.95; H,5.64; N, 7.71. Found: C, 42.74; H, 5.72; N, 7.69. UV
vis data lmax, NM €, M~ cm1)] in acetonitrile: 720 (45), 530 (100),
290 (8780). uefi: 5.95up at 300 K.

[(VVO)L2Cu" (#-OAc)(H20)](CIO 4)-H20 (6). To a stirred metha-
nol solution (50 mL) of HL2 (0.79 g, 2 mmol) was added a second
methanol solution (25 mL) of VO(acadq).53 g, 2 mmol) over a period
of 30 min. An orange red product that began to deposit was stirred

Inorganic Chemistry, Vol. 37, No. 7, 1998467

Waber?” All non-hydrogen atoms, except the disordered perchlorate
oxygen atoms, were refined anisotropically, while the disordered
oxygens were refined isotropically. The hydrogen atoms were placed
at the geometrically calculated positions with thermal parameters fixed
at 1 plus the isotropic thermal parameters of the carbon atom to which
each was bonded. The perchlorate anion is disordered over two sites
with O(11) and CI(1) at the same positions for both orientations,
0(121)-0(141) have occupation factors of 0.287, while O(122)
0(142) have 0.713. The final least-squares refinement converged to
R1 = 0.063 based of > 40(F), and wR2 = 0.166 based on all data.
The final difference Fourier map was essentially featureless, the largest
peak being 0.75 and the deepest hol@58 e A3,

Results and Discussion

Synthesis and Characterization. A prerequisite for the
synthesis of the heterobimetallic complexes of the symmetrical
macrocyclic ligand HL1 is to use a suitable precursor complex
in which one of the ligand compartments is vacant. Although
such species is not readily obtainable for most of the metals,
facile synthesis of [VOLIH,0%% by reacting [VO(acag) with
H,L1 provides a convenient starting material for the synthesis
of VIVOM'" complexes. However, preliminary studies indicated
that while almost insoluble [VOL1H,O readily reacts with the
perchlorate salts of the metal ions under consideration, the
desired heterobinuclear complexes could not be isolated. On
the contrary, the product obtained, for example, in the case of
copper was [CzL1(ClO4)7].2%0 It became apparent that in order
to produce thermodynamically stable heterobimetallic com-
pounds it is necessary to obviate scrambling of the metallic sites,
which was thought to be realized by providing an additional
bridge between the metal centers. Indeed, when [VEHAD
is reacted with an equimolar amount of M(G)@6H,0 (M =
Cu, Ni, Co, Fe, Mn) in the presence of NaOAc, the products
[(VO)L1Cu(u-OAC)(MeOH)](CIOy) (1) and [(VO)LIM(u-

additionally for 1 h. The suspension was then treated successively with QAC)(H,0)](ClO4)-H,O (2—5) are obtained in good yield. As

NaOAc (0.33 g, 4 mmol) and Cu(Clp-6H.0 (0.74 g, 2 mmol), and
stirring was continued fo2 h more. During this period, the orange
material dissolved and concurrently a green microcrystalline product
deposited. This was collected by filtration, and on recrystallization
from acetonitrile-methanol (1:1) mixture bright green crystals were
obtained; yield 0.51 g (35%). Anal. Calcd fordE30N4O1:CICuV:
C,41.61;H,5.41; N, 7.77. Found: C, 41.37; H,5.51; N, 7.72. Selected
IR data p, cmm™]: 3280 w, 3260 w ¢NH), 1610 w PNH), 1550 s
(vaCO,7), 1415 s¢C0O,7), 1110 s, 630 mYCIO47), 975 s ¢V=0).
UV—vis data flmax, NM €, M~% cm™3)] in acetonitrile: 670 (75), 380
(690), 285 sh (8550) ues: 2.6Que at 300 K.

Crystal Structure Determination of [(V'VO)L1Cu" (u-OAC)-
(MeOH)](CIO 4) (1). Crystals suitable for structure determination were
obtained by slowly diffusing diethyl ether to a solution fin
acetonitrile-methanol (1:1) mixture.

Diffraction data were collected on a Siemens R3m/V diffractometer
in thew—260 scan mode at 293K using graphite-monochromatized Mo

Ko radiation. Pertinent crystallographic data are summarized in Table

1. Three standard reflections were periodically monitored, and no

crystal decay was observed. The intensity data were corrected for
Lorentz and polarization effects, and semiempirical absorption correc-

tion was made frony scans. A total of 7424 reflections were collected
in the range 2 = 3.8-55.3, with —17< h < 15,0< k=< 19,and 0
=< | = 22, of which 7186 independent reflectiori®,(= 0.0404) were

reported earlief? unlike HL1, the reaction between [VO-
(acac)] and H,L2 produces a mixture of two forms of [(VO)-
L2] along with a small fraction of [(YO(OH)L2]. This mixture
on treatment with Cu(Clg)»-6H,O and NaOAc leads to the
formation of [(VO)L2Cuf:-OAC)(H20)](ClO4)-H20 (6) in 35%
yield.

The characterization data of the complexes are given in the
Experimental Section. The &0 stretching frequency for
complexesl—5 lies in the narrow range 93950 cnt?, while
for 6 this band is shifted to a higher energy, 975émThe
difference in energy betweendO,” andvCO, for all the
complexes ranges from 135 to 165 Tinwhich is typical of
carboxylate-bridged compounéfs. The other common IR
spectral features of the complexes include bands due to the
ligand NH stretching (3260 cnt for 1—5, and 3280 and 3260
cm! for 6) and bending (ca. 1610 cr) and uncoordinated
perchlorate anion (ca. 1100 and 630¢jn

The absorption spectra of complex2s5 over the range
250—-900 nm exhibit three bands with their peaks occurring at
730-715, 535-525, and 296270 nm. Since for the YOMn'
complex 6) the spin-forbidden ¢d transitions of the manga-
nese(ll) are likely to be too weak to be seen, the observed bands

used for structure determination. The structure was solved by direct may therefore be reasonably attributed $p-¢ dy,, 0,(v1), Oy
and Fourier methods and refined by full-matrix least-squares methods— d,2_2(v2), and dy — d2(v3) transitions of the oxovanadium-

based onF? using the programs SHELXTL-PLUSand SHELXL-
9326 Neutral atom scattering factors were taken from Cromer and

(IV) center with increasing order or energy. In compleest
shapes of the above-mentioned bands differ, however, presum-

(25) SHELXTL-PLUSSIiemens Crystallographic Research Systems; Madi-
son, WI, 1990.

(26) Sheldrick, G. M.SHELXL-93: A Program for Crystal Structure
RefinementUniversity of Gdtingen: Gitingen, Germany, 1993.

(27) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, England, 1974; Vol. IV.

(28) Nakamoto, Klinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds3rd ed.; John Wiley: New York, 1978; p 232.
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Table 2. Atomic Coordinatel(x10%) and Equivalent Isotropic Displacement Parametefs xAL0%) of [(V'VO)L1Cu'(u-OAC)(MeOH)](CIQy)
(12

atom X y z Ueqy atom X y z Ueqy
Cu(l) 8360(1) 1746(1) 7386(1) 44(1) C(14) 9236(5) 3601(4) 7275(4) 58(2)
V(1) 7263(1) 287(1) 8056(1) 40(1) C(15) 8684(5) 3307(4) 8458(4) 58(2)
o(1) 7859(3) 1532(2) 8382(2) 41(1) C(16) 7444(4) 2181(4) 8741(3) 42(1)
0(2) 8177(3) 395(2) 7332(2) 42(1) c(17) 7759(4) 3066(4) 8721(3) 49(1)
o(3) 6599(3) 2041(2) 6533(2) 49(1) C(18) 7262(5) 3743(4) 9018(3) 52(1)
0(4) 8044(3) —308(3) 8858(2) 61(1) C(19) 6483(5) 3568(4) 9355(3) 49(1)
o(5) 5941(3) 864(2) 6997(2) 46(1) C(20) 6250(5) 2693(4) 9433(3) 53(1)
N(1) 6061(3) 464(3) 8593(3) 44(1) C(21) 6720(4) 1986(4) 9155(3) 45(1)
N(2) 6479(3) —871(3) 7387(3) 44(1) C(22) 6512(5) 1045(4) 9358(4) 54(1)
N(3) 8787(4) 1759(3) 6348(3) 51(1) C(23) 8246(5) —1905(5) 4650(4) 71(2)
N(4) 8477(4) 3085(3) 7563(3) 49(1) C(24) 5937(5) 4321(4) 9644(4) 64(2)
c(1) 5590(5) —363(4) 8813(4) 52(1) C(25) 5836(4) 1567(3) 6556(3) 40(1)
c(2) 5072(5) —947(4) 8047(4) 54(1) C(26) 4682(4) 1819(4) 6010(4) 54(1)
Cc(3) 5881(5) —1457(4) 7781(4) 54(1) Cl(1) 2881(2) 4127(1) 3070(2) 82(1)
C(4) 7287(5)  —1439(4) 7202(4) 57(2) o(11) 1950(4) 3617(4) 2753(4) 127(2)
c(5) 8189(4) —166(4) 6700(3) 41(1) O(121)* 3792(8) 3604(9) 3442(21) 186(7)
c(6) 7725(4) —1015(4) 6584(4) 46(1) O(131)* 2819(14) 4783(15) 3607(18) 112(3)
c(7) 7749(4) —1555(4) 5916(4) 51(1) O(141)* 2982(22) 4549(21) 2356(8) 211(7)
c(8) 8228(4)  —1292(4) 5367(3) 50(1) O(122)* 3663(6) 3865(6) 2763(8) 112(3)
c(9) 8716(4) —465(4) 5507(4) 51(1) O(132)* 3335(11) 3884(10) 3955(4) 211(7)
c(10) 8717(4) 95(4) 6154(3) 45(1) O(142)* 2748(7) 5020(4) 3025(10) 186(7)
c(11) 9375(5) 940(4) 6297(4) 55(2) C(100) 10432(8) 954(7) 9159(7) 136(4)
c(12) 9398(5) 2526(4) 6188(4) 65(2) 0(100) 10241(4) 1599(4) 8420(3) 80(1)
c(13) 9020(6) 3414(4) 6356(4) 68(2)

2 Site occupancy: *= 0.287, ** = 0.713.P U(eq) is defined as one-third of the trace of the orthogonallzgtensor.

ably due to superposition of€l transitions of the second metal A C‘3
center. Additionally, complexed—4 each exhibit a character- {
istic band in the range 9601200 nm. For the VYONi"
complex @), the band observed at 1060 nm is evidently due to
3A,q — 3Tg transition of the nickel(ll) center in an octahedral
environment. Similarly, the bands occurring at 1000 @pr
and 1020 nm (fo#) are attributable tdT,q— 4Togand>T1g—
SEg transitions of octahedral cobalt(ll) and iron(ll), respectively.
The absorption spectra of the twd"DCu' complexes 1 ,
and6) show similar features with three peaks appearing at about c24
680, 385, and 290 nm. The very broad nature of the first band,
spanning the range 45®00 nm, suggests that the—d
transitions due to the copper(ll) and vanadium(IV) centers are
not resolved in this range. The band at ca. 385 nm, which is
not observed in the other complexes, is likely to be due to
phenolate— copper(ll) charge-transfer transitiéh. Taken
together, the IR and electronic spectra suggest that the heter-
obinuclear complexes under consideration have similar stere-
ochemical environment. Figure 1. ORTEP representation of the structure of (@)L1Cu'-
The electrochemical behavior of complexXess was studied (u-OAC)(MeOH)]" cation in1 showing the 50% probability thermal
by means of cyclic voltammetry and differential pulse volta- ellipsoids.
mmetry. For oxidation, an acetonitrile solution and a platinum
electrode were used, while for reduction, a dimethyl sulfoxide
solution and a glassy carbon electrode were used. Concernin .
the redox activity in the negative potential range 0-tb V, 1az)k(??nr\)/|§?)e nearly reversibly at 0.21 XK, = 80 mV atv =
only the VOCu complex) undergoes quasireversible reduction '
At 0.61V QE, = 100 ]r?wv Aty = 100 MV ) due to Cll/ Structure of [(VVO)L1Cu" (#-OAC)(MeOH)](CIO 4) (1).
Cu, while the other compounds lack electrochemical responseAn OR_TEP representation of the cation lna_llong with atom
in this range. At more negative potentials, complications arise labels IS shown in Figure 1. Atomlc_cooerates and selected
due to demetalation reaction and consequent electrode poisoning?©nd distances and angles are given in Tables 2 and 3,
Complexl, on the other hand, is not electroactive in the positive respe_ctlvely. Structure df shows that the two metal centers
potential range ©1.5 V. In this range both VONi2) and are triply bridged by the two phenqlate oxygens anc_:l the_ acetate
VOCo (3) undergo two successive irreversible electron-transfer 10N Both the metal centers are six-coordinated with distorted
reactions at ca. 1.0 and 1.2 V. For the VOMn complg) & octahedral geometry and have®; equatorial donors provided
quasireversible couple due to MMn" occurs at 0.62 VAE, _by the mgcrocycllc ligand. The remaining position of vanadium
= 100 mV aty = 100 mVs1), while the oxidation of WO to is occupied by the oxo oxygen (O(4)) and that of copper by
distant contact with the methanol oxygen (O(100)). Although

(29) Adhikary, B.; Mondal, S. K.: Nag, KJ. Chem. Soc., Dalton Trans.  th€ copper center is only slightly displaced (0.019(1) A) from
1988 935. its O(1)O(2)N(3)N(4) basal plane, the vanadium center is pushed

VVO takes place irreversibly at ca. 1.0 V. Again in the case of
he VOFe complex4), facile oxidation of the iron(ll) center
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toward O(4) by 0.258(1) A from the O(1)O(2)N(1)N(2) equato- temperature-independent paramagnetism the working expression
rial plane. On the other hand, with reference to the best planefor y» becomes

formed by the four secondary amine nitrogens, N(4}4), the

copper and vanadium atoms are displaced by 0.398(1) and NB%? 1 + 2eKT NB2%0?

0.645(1) A, respectively. As a result of the acetate bridging, Inm = %mﬂ -p)+ %’ +TIP - (3)

the complex is distorted to such an extent that the dihedral angles

between the equatorial planes of the metal centers i$ 32

that of the two phenyl rings is 29.3 Moreover, the interplanar
angle between CuO(1)—-V and Cu-0O(2)-V is 25.3. The

two metal centers are separated by 3.067 A with two almost
equal phenoxo bridge angles, 97.47(14) and 98.02(14) ) > 3IKT

The distorted geometry around vanadium is reflected in the _ Nﬂ2 9y, 1005, €
transoid angles (164.2(2)66.8(2)) and cisoid angles (78.5- M= T 1 4 23T
(2)—104.2(2)). The in-plane N distances (2.114(4) and
2.130(4) A) and the O(phenolate) distances (2.013(4) and
2.034(3) A) are normal, as is the axia\D distance (1.627(4)
A). The V—O(acetate) distance, however, is significantly long
(2.158(4) A) due to the trans effect of the vanadyl group.

In the equatorial plane of the six-coordinated copper(ll) center
the two Cu-N distances (2.019(5) and 2.049(4) A) and the two
Cu—O(phenolate) distances (2.066(3) and 2.029(3) A) are
unexceptional. As compared to these, the axiatO@MeOH) 4g., — 9
bond (2.452(2) A) and GuO(OAc) bond (2.272(4) A) are very Q=
long, signifying strong tetragonal distortion due to the Jahn 3
Teller effect. i i

As already mentioned, the perchlorate ion is disordered and |t may be noted that although nickel(ll) ion can have a
has been modeled over two sites with unequal occupanciesSubstantial zero-field splitting, this effect has not been taken
(0.287 and 0.713). No intramolecular hydrogen bonding is Nto consideration in the theoretical expressionyaf(eq 4) to
present inl. However, there is a fairly strong intermolecular @void overparametrization of the fitness parameters.
interaction between the methanol OH and the O(11) atom of For the C8VVO and F&VO complexes the effect of single-
the CIQ~ anion with O(100¥-O(11)= 2.91(1) A and O(100} ion zero-ﬁeld interactions has been taken into consideration in
H---O(11)= 159.5. An additional weak interaction is observed the spin-Hamiltonian (eq 5).
between one of the amines (N(1)) and a perchlorate oxygen
with N(1)---0O(122) = 3.11(1) A and N(1)-H:--0(122) = H=-2JS;S, + DSZ2 (5)
145.7.

Magnetism. The theoretical expressions for exchange cou-  The theoretical expression for magnetic susceptibility of
pling constants of the systems under consideration have beercg!'\vVO (3) is given by eq 6. In this case it has been necessary
osbtained by using the HDVV Hamiltonia,= —2JS,-S,. The to include the Weiss constafitto obtain better fit.
effect of single-ion zero-field interactiorDSf), temperature-

For the NI'VVO pair, neglecting local anisotropy and
anisotropic interaction, eq 4 gives the theoretical expression for
susceptibility

+TIP (4)

wheregy» and gz, are theg values of the pair stated = /5
and?/,, respectively, which in turn are related to the logal
values® as

209yt Ovo
3/2 3

independent paramagnetism (TIP), mononuclear paramagnetic 2Nﬁ292 4 4 4 F
impurity (p), and the Weiss constar?)(have been taken into Am = KT — 0 55 =t TIP (6)
consideration wherever required. In least-squares fittings of the (T-0)2¢+e+e+e

experimental data to the theoretical expression, the resilual

= [S{OmT dobs— GemT eaid 73 (rmT ob] has been minimized. ~ Where
The spin-Hamiltonian for the AW'VO pair is given by

H = —23S,Sy0 + B(deS,cu T HvoSvo)H 1)

which leads to the following expressirfor ym

A = [4J + 5/4D — (4% — 2DJ + DAM3/kT

B=[2J+ /,D)/KT

N 2.2 ZGZJ/kT N 262 eZJ/kT . 9
M= ﬁTg J/kT+ /jT J/KT @ C =163+ .DVKkT
1+ 3¢ 3T+ 1
9cu t 9o D = [6J + Y/,D)/kT
where g= — >
_ E=[(4J + %,D) + (4 — 2DJ + DH)"4/kT
_Ycu™ 9vo
and o= — 5
Similarly, for Fé'VVO (4)
The second term in eq 2 is due to second-order coupling of the
two Ms = 0 components associated to the= 1 and O levels, _ Np°g®25€' + 9 + €“ + 9° + € CTIP (7
respectively. This term vanishes not only for equivalent metal M T T S+ B+ e+t )

centers but also its contribution is negligible for a'®@{ O

pair with appreciable singletriplet energy gap. Thus, taking (30) (a) Chao, C. CJ. Magn. Reson1973 10, 1. (b) Scaringe, R. P.;
into consideration the presence of single ion impurity and Hodgson, D. J.; Hatfield, W. EMol. Phys.1978 35, 701.
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Figure 2. Plots of ymT andym vs T for 1. Solid lines represent the

best least- squares fit of the experimental data to the theoretical equation.

where

A= [35/4] + 4D)/KT

B = [(25/4) + °/,D) + (25/43 — %,DJ + %/,DA™IKT

C =[(25/4) + 1,D) + (25/4F — /,DJ + 1,03 4kT]
D = [(25/4) + °/,D) — (25/4F — %/,DJ + %,D?/KkT]

E = [(25/4) + Y/,D) — (25/4F — Y/,DJ + Y/,D3)¥3/kT

Finally, for the MA'V'VO complex B) the following expres-
sion of yu has been used

NG? 10g,? + 28g,2 BIKT

= +TIP 8
MIT) 5t 7R ©
where
_ S9un T 9o
G=—"5
_ 9 — 9vo
%=—3

The cryomagnetic behavior of the BYO complex,1, in
the temperature range—800 K is shown in Figure 2 in the
forms ofymT andym vs T plots. As may be noted, on lowering
of temperature from 300 to 12 KT steadily increases and

Mohanta et al.

Table 3. Selected Bond Distances (A) and Angles (deg) of
[(VVO)L1CU'(u-OAC)(MeOH)](CIQy) (1)

Cu-N(4) 2.019(5) V-N() 2.130(4)
Cu-N(3) 2.049(4) V-N(2) 2.114(4)
Cu-0(1) 2.066(3) V-0(1) 2.013(3)
Cu-0(2) 2.029(3) V-0(2) 2.034(3)
Cu-0(3) 2.272(4) V-0(5) 2.158(4)
Cu—0(100) 2.452(4) V-0(4) 1.627(4)
Cur++V 3.066(1)
N@3)-Cu-O(1)  171.3(2) N(I}YV-0(2)  164.2(2)
N(4)-Cu-0(2)  172.7(2) N2yV-0(1)  164.8(2)
O(100)-Cu-0(3) 172.3(13) O(4yV-0O(5)  166.8(2)
O(3)-Cu—N(3) 89.9(2)  O(5¥V—N(1) 79.0(2)
O(3)-Cu—N(4) 845(2)  O(BYV—-N(2) 78.5(2)
O(3)-Cu—0(1) 89.08(13) O(5)V-0O—(1)  88.31(14)
0(3)-Cu-0(2) 95.07(13) O(5yV—0(2) 86.65(14)
Cu-0(1)-V 97.47(14)  O(4¥V—N(1) 92.7(2)
Cu-0(2)-V 98.02(14) O(4¥V-N(2) 91.8(2)
O(4)-V-0(1)  102.4(2)
0(4)-V-0(2)  102.6(2)

reaches maximum at 12 K which is due$p = %/, state with

032 = 2.15, indicating that at this temperature molecular doublet
state G = 1/,) is totally depopulated. As may be noted in
Figure 4, on further lowering of temperature, a rapid decrease
of ymT occurs and in this region the best fit curve also deviates
from the experimental data. This departure is most likely due
to the zero-field splitting of the nickel(ll) ion whose contribution
has not been taken into consideration in eq 4.

The CdV'VO complex 8) also exhibits ferromagnetic
interaction. Theues value at 298 K (5.32g), however, is much
higher than the value (4.24) expected for two uncoupled spins
of Sco = 32 andSyo = Y,. In this caseymT slowly increases
with decrease of temperature reaching a maximum at 70 K and
then slowly decreases up to 17 K, below which temperature
the decrease is rapid. The observed magnetic behavi®isof
rather complicated probably due to the unquenched orbital
momentum of the cobalt(ll) ion. Even after taking into account
the single-ion zero-field interaction and the Weiss consfant
(eq 6) only a moderate filR = 1.2 x 1072) could be obtained
with J= 4.4 cnt?, g = 2.53,|D| = 0.2 cn7?, andf = —3.1
K.

As shown in Figure 5, the B¥'VO complex 4) is also
ferromagnetically coupled. Thes value at 298 K is 5.7k,
which slowly increases on lowering of the temperature until a
plateau is reached in the temperature range 122K with ues
= 6.Qus. Below 12 K, there is a decrease /gy reaching a
value of 5.54 at 5 K, presumably due to the zero-field effect
of the high-spin iron(ll) ion &e = 2). Least-squares fitting of
the experimental data to eq 7 givés= 4.4 cnt?, g = 2.18,
and|D| = 0.75 cntl.

reaches a plateau between 22 and 12 K, then drecreases on The cryomagnetic behavior of the MM'VO complex b),

further cooling. This behavior is typical of intradimer ferro-

shown in Figure 6, depicts a slow decrease of#fi€ value on

magnetic exchange interaction. Satisfactory least-squares fittinglowering the temperature from 300 to 90 K. The slope gets

of the experimental data to eq 3 can be obtained Wwith42.5
cm~landg = 2.03 (Table 4). The decreasegfT below 12
K is most likely due to an intermolecular antiferromagnetic
interaction between thgr = 1 states.

Variable-temperature magnetic behavior of the othénO
complex,6, (shown in Figure 3) is very similar to that &f In

steeper in the range 9@0 K, below which almost a plateau is
reached which again shows the sign of rapid decline below 8
K. The observed behavior is characteristic of an antiferromag-
netically coupled system. An excellent fit of the experimental
data to eq 8 has been obtained withk= —14.2 cnt?, gy, =
2.00,gvo = 1.86, andd = —0.68 K. The total spin states for

this case also the triplet state is populated below 22 K. The this system $u, = %, andS,o = /,) areSr = 3 and 2 with the

best fit curve is obtained witl = 46.0 cnT! andg = 2.01.
The magnetic behavior of the acetate-bridged VWW{O
complex @), shown in Figure 4, is again indicative of ferro-

g valuesgz = 1.97 andg; = 2.02. The value ofie at the
plateau (4.8ig) is very close to the expected value (4.g4%
for the St = 2 state withg, = 2.02.

magnetic exchange interaction between the two metal centers. The ferromagnetic behavior of the two &4YO complexes

Least-squares fitting of the experimental data to eq 4 gives
12.0 cnml, gy = 2.24, andgyo = 1.97. For this complexmT

(1 and6) with their triplet-singlet energy gaps §2 of 85 cnt?!
(for 1) and 92 cm?! (for 6) are quite similar to that of



Heterobimetallic MV'VO Macrocyclic Complexes

Table 4. Magnetic Data for the Complexes

Inorganic Chemistry, Vol. 37, No. 7, 1998471

complex J,cm?t Ovo Om Oav 0, K D,cmt? p, % 16 TIP
1 42.5 2.027 4 120
2 12.0 1.97 2.24 160
3 4.4 2.53 -3.1 0.20 60
4 4.4 2.18 0.75 60
5 —14.2 1.86 2.00 —0.68 60
6 46.0 2.013 3 120
0.24 1.1 5.0
0.8
n — - 4
5 > =06 45 =
£ -11.0 % =) 'B
g = E E
5 0. = £ 0.4 4.0 TE
~ o 3 [&]
i 0.9 = = .
= 0.2 35 =
= =
0.8 0.0 1 * 3.0
100 200 300 0 100 200 300
T/K T/K

Figure 3. Plots ofyuT andyw vs Tfor 6. Solid lines represent the - Figure 5. Plots ofywT andyw vs T for 4. Solid lines represent the
best least- squares fit of the experimental data to the theoretical equationpest east- squares fit of the experimental data to the theoretical equation.
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J =120cm'!
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Figure 4. Plots of ymT andym vs T for 2. Solid lines represent the ) o
best least- squares fit of the experimental data to the theoretical equationFigure 6. Plots of yuT andym vs Tfor 5. Solid lines represent the

best least- squares fit of the experimental data to the theoretical equation.
[CUu'VVO{ (fsap-ent (CH3OH)] (7) for which 2= 118 cnT1.15

As already noted from the crystal structurelpthe molecular
symmetry of the compound can be approximatedas The haveCs symmetry. A comparison of the CGuD(phenoxo}V
magnetic orbital on the copper(ll) centerzg?, is roughly bridge angles inl (97.5 and 98.9) and 7 (98.4 and 98.9
parallel to the copper-donor directions in the basal plane and reveals that despite these angles being almost identicall the
engaged irw overlap with the bridging phenolate oxygens, and values of the two compounds are quite different. This contrasts
transforms ag' irreducible representation of tt@& group. On the observation of linear dependencelafin M—O—M bridge
the other hand, the magnetic orbital on vanadium(\g,which angle in the homobinuclear hydroxo-bridged coppéeiand
roughly bisects all the equatorial cis angles, is delocalized toward phenoxo-bridged nickel(I¥} complexes. It should be noted,
the phenolate oxygens bytype overlap and transforms a$ however, that the GerV separation irv (2.989(4) A) is shorter
irreducible representation of th€s group. Thus, for the relative to that inl (3.066(11) A). Of greater relevance is the
magnetic orbitalsdc., ¢vo) being symmetry-related orthogonal, factor that can be expected to control the extent of ferromagnetic
there is essentially zero overlap<¢cydvo™> =~ 0), and no coupling in CUVVO complexes is the dihedral anglé)(
chemical bonding. This implies that in the expression of between the equatorial planes of the two metal centers. On the
singlet-triplet energy gap 2= Jar + Jr, the contribution of basis of orbital overlap model, ferromagnetic exchange should
Jar is insignificant. be maximum when the two metal centers are exactly coplanar,
It is of interest at this stage to compare the magnitude of i.e.,A = 0°. ConverslyJs will be vanishingly small when the
exchange coupling constantsloénd?7 vis-zvis their structural dihedral angle between the two metal planes i§. 9This
parameters. Unlik&, in which both the metal centers are six- explains why7 with a lesser dihedral anglé (= 10.3) exhibits
coordinated, ir¥ each of the metal ions have square pyramidal a stronger ferromagnetic interactioh= 59 cnt?) relative to

geometry with syn configuratiot?, albeit the two compounds
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80 represent the magnetic orbitals. Assuming that the structures
of 1 and2 are related, the/z symmetry mismatch is retained

. for dy <> de-y2 interaction in the NIVVO complex and

60 L providing a pathway for ferromagnetic exchange coupling. By
contrast, the g orbital of VWO and the ¢ orbital of Ni"' both

F transform to the same irreducible representatioof the group

C,, thus giving rise to antiferromagnetic interaction. Clearly,
the ferromagnetic interaction prevails over the antiferromagnetic
s interaction. In a previous stud9? we reported the magnetic
properties of two more NVVO complexes of the same
20 macrocyclic ligand, viz., [(¥ O)L1Ni"(u-SOy)(H20)]0:2H,0

and [(VVO)LINi"(SQy)(H202)]-H,0 for which thed values are

6 and 10 cm?, respectively. Thus, all the three 'NiVO

J/cml
&

ok complexes exhibit overall ferromagnetic effect and the small
11 difference inJ values may reflect differences in the angles
0 20 40 60 80 100 between the metal planes.
A/ deg The ferromagnetic behavior of the B6VO complex § =
_ _ _ 4.4 cntl) is expected. For the E¥'VO complex &), the
Figure 7. Plot of exchange coupling constahvs dihedral angle\ pathways involving Q—yz - dxy, dz < dxy, and gy < dxy are

between the planes of the metal center?2 i(®) and7 (a). The best

fit line is obtained by considering = 0 atA = 90° (m). expected to be ferromagnetic, weakly antiferromagnetic, and

weakly ferromagnetic, respectively. A valuebf 4.4 cntl,

as expected, indicates the dominating influence,ofd< dyy
interaction on the overall ferromagnetic behavior of the com-
pound. However, the lowelvalue of4 compared to that a2

is not clear at this stage.

Finally, in the MA'V'VO complex b) the two major interac-
tion paths involve g < de-y and dy <> dyy, of which the
former is ferromagnetic, while the latter is antiferromagnetic
due to significant chemical bonding. Expectedly, the antifer-
romagnetic interaction is more prominent in this cake (-14.2
cm™Y). It may be mentioned that substantial antiferromagnetic
exchange coupling (g dxy) occurs in the related dioxova-
nadium(1V) complex{ (VO),L1(u-SOy)]-MeOH:3H,0,21¢ for
which J = —128 cn1l. For the sake of completion we note
that the dicopper(ll) complex [GU1(CIO4),] exhibits very
strong antiferromagnetic exchange with the singteplet
energy gap of 824 cni.3*

To conclude, a comprehensive study has been made on the
magnetic properties of a series of triply bridgedWVMO (M
= Cu, Ni, Co, Fe, Mn) complexes of the macrocyclic ligand
&-|2L1. Except for the MHVVO complex, which is antiferro-
magnetically coupled, other complexes behave ferromagneti-
cally. The magnitude ad in the symmetry-related interaction
between the orthogonal magnetic orbitalg € di2—y2 of the
CUu'VVO complex § = 42.5 cnmY) is influenced by the dihedral
angle A between the planes of the two metal centeks=
32.0°). A linear dependence afon A is proposed.

1 (J = 42.5 cnt}) having a greater angleA(= 32.0°). As
shown in Figure 7, taking = 0 at A = 90° as a boundary
condition, an excellent linear fit is obtained for thes A plot

of these two compounds. On the basis of this plot it may be
anticipated that for a perfectly coplanar 'O complex,
which, of course, is unlikely to be obtained, the separation
between the triplet and singlet states will be as large as 133.5
cm™L. The validity of the abovel vs A correlation is borne
out by the fact that the two compoun@lsnd7 differ not only
structurally, but also the coordination environment of their metal
centers differ (CubO, and VN,O4 in 1 as against CupO3; and

VOs in 7). Clearly, to consolidate this magnetostructural
relationship more data is needed. To our knowledge, only three
more structurally characterized YO complexes have been
studied so far. Gatteschi et &lhave reported the magnetic
properties of a phenoxo-bridged trinuclear,ttdV O complex

in which there is a strong ferromagnetic exchange coupling
between the vanadium(lV) and one of the copper(ll) centers.
However, due to complex nature of interactions of the three
metal centers the exchange integrals have been approximate
asJcuqyv =0£5 cnt! and Jeuey-v = 425+ 0.5 cnrl,
Kahn et af2and Rojo et af® have studied two oxalato-bridged
CUu'VVO complexes. In both the cases, notwithstanding
orthogonality of the magnetic orbitals, the overlap density (
= [¢pcupvo) does not present any zone of strong magnitude and
hence results in very weak ferromagnetic interaction.
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