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One-pot metal template condensation reactions of formaldehyde
and amines provide simple, selective, and inexpensive routes
toward the macrocyclic complexes that are not obtainable in the
absence of metal iok? However, most of the compounds thus
prepared are rather small macrocycles containing one or two metal
ions. Compounds incorporating big macrocycles or multi metal b
ions or both have not been prepared thus far from this reaction. Figure 1. ORTEP drawings of: (a) side view, (b) top view. The 3-fold
In addition, the chemistry of polynuclear Cu(ll) complexes is rotation related atoms are designated by a primeziqy and a double
interesting due to the presence of multicopper active sites in prime fory,zx. The atoms are represented by 30% probable thermal
several oxidasésand with respect to the development of new ellipsoid®

inorganic materials showing molecular ferromagnetfsin. this three Cu(2) atoms, respectively. The geometry of each copper-
paper, we show that a bowl-shaped dodecaaza macrotetracycl€ll) ion is best described as a distorted trigonal bipyramid (tbp).
incorporating a CyO core, [Cuy(L)(us-O)]I(ClO4)42H,0, is The basal plane consists of two secondary and one tertiary

synthesized from very simple one-pot template condensation asnitrogen originating from primary amines of tren while the apical
described in eq % The [Cw(L)(us-O)]*" is protonated in an sites are occupied hys-oxygen and the central nitrogen of a tren
aqueous solution to give [G{L )(us-OH)]°" whose K, value is unit. The copper atom is displaced from the trigonal plane toward
estimated to be 4.6. X-ray structures of j(u)(us-O)](ClO4)4" the apicajus-oxygen by 0.238(5) A for Cu(1) and 0.230(4) A for
2H,0 (1) and [Cu(L)(u3-OH)]Clo5(ClO4)451.5HO (2) were Cu(2). Theus-oxygen displays sphybridization with Cu-O—
determined. The former is one of the rare structurally character- Cu angle of 112 In the trigonal plane, the {—Cu—Nscangle

ized examples of an oxo-bridged Cu(ll) specieBoth 1 and2 is 121° (av) but two Ne—Cu—Ngec angles, 132 (av) and 104
show unusual magnetic behavior of mixed ferro- and antiferro- (av), are significantly deviated from the ideal geometry. The axial
magnetic interactions. bonds [av Ct-O, = 1.876(2) A, av Ct-N, = 2.042(5) A] are

shorter than the equatorial [av ENeq = 2.177(3) A], which
cuw' + N(CH,CH,NH,); + CH,0 — [Cus(L)(u3-O)]4+ 1) may be attributed to the tbp ligand field splitting of Cu(ll) having
an electron in the gorbital.

The complexl was prepared as describedDRTEP views of The electronic absorption spectrum bfs pH dependent as
the cation in1 are presented in Figure®® There are two shown in Figure 2. The complex shows a maximum absorption
independent cations in the structure because of the position of aat 634 nm. At pH< 6, the peak at 634 nm decreases, and a new
lattice water molecule, which are related by the noncrystallo- one appears at 738 nm whose intensity is increased as pH is
graphic 6-fold screw symmetry. The molecular bdwhccom- lowered. The pH-dependent absorption changesl ofvere
modates three Cu(ll) ions which are bonded to a central oxo ion measured at 738 nm, anépvalue of 4.65 was estimated from
and located at the corners of an equilateral triangle of side the best fitting curve for the protonated species J[C)(us-
3.125(2) A for Cu(1) and 3.105(2) A for Cu(2). The centug OH)]>*.1* The complexl strongly resists decomposition even

(8) To the MeOH solution (100 mL) of CugkH,0O (1.81 g, 10.3 mmol)

//{\ . 7'/\\ were added tris(2-aminoethyl)amine (3.14 g, 20.6 mmol) and paraformaldehyde
NN N (3.0 g, 100 mmol). The dark blue mixture was heated at reflux for 70 h during
\' /N which time the solution gradually became green. The solution was allowed
L N /7 to stand at room temperature until green precipitate o&JCus-O)]Cls:-
N=— 2H,0 (1a) formed, which was filtered off, washed with EtOH (20 mL), and

TN N driedin vacua {Yield: 51%. Anal. Calcd for C4CodHegNCliOs (13): C.
H K/{\)H 32.20; H, 6.53; N, 18.77. Found: C, 32.09; H, 6.58; N, 18.The CI" anion
was changed to CIO by dissolvingla (1.30 g) in MeOH/HO (9:1 v/v, 30
. . . mL) and then adding a saturated aqueous solution of excess L{GlDg).
oxygen is on aCs axis of the molecule. It is 0.539(8) and  The solution was heated, hot filtered, and then allowed to stand at room
0.528(9) A above the trigonal planes made by three Cu(1) and temperature for 1 day. Dark green crystals.dormed were filtered, washed
with EtOH, and driedn vacua Anal. Calcd forl, CuCosHsgN1:Cl4O10: C,

(1) (a) For review, see: Suh, M. Rdvanced Inorganic Chemistrykes, 25.04; H, 5.08; N, 14.60. Found: C, 25.20; H, 5.20; N, 14y{AlH): 3230
A. G., Ed.; Academic Press: New York, 1997; Vol. 44, pp-936. (b) Suh, cm ™t Ay (H20): 491Q~1 cn? M~ for 5.15 x 1074 M. UVNIS (Amax €):
M. P.; Kim, S. K.Inorg. Chem.1993 32, 3562. (c) Suh, M. P.; Kim, I. S; 851 nm € = 571) and 623 nme(= 791) in MeCN; 848 nmd = 545) and
Shim, B. Y.; Hong, D.; Yoon, T.-Sinorg. Chem.1996 35, 3595. (d) Geue, 635 nm € = 665) in HO.

R. J.; Hambley, T. W.; Harrowfield, J. M.; Sargeson, A. M.; Snow, MJR. (9) Johnson, C. K. ORTEPII. Report ORNL-5138; Oak Ridge National
Am. Chem. S0d.984 106, 5478. (e) Bertoncello, K.; Fallon, G. D.; Hodgkin, Laboratory, Oak Ridge, TN, 1976.
J. H.; Murray, K. S.Inorg. Chem 1988 27, 4750. (10) Crystal data fofl: CusCy4HsgN12Cl4O19, fw = 1151.24, cubic, space

(2) (@) Suh, M. P.; Kang, Snorg. Chem 1988 27, 2544. (b) Suh, M. P,; groupP2;3, a = 20.443(3) AV = 8543.5(22) & Z = 8, dearca= 1.790 g
Shim, B. Y.; Yoon, T.-Slnorg. Chem 1994, 33, 5509. cm3, u(Mo Ka) = 1.818 mntt, R= 0.0432 (4 data), andvR(F?) = 0.0927.

(3) Encyclopedia of Inorganic Chemistriing, R. B., Ed.; John Wiley Relevant bond distances (A) and angles (deg): CuQi(l), 1.883(3); Cu-
and Sons: New York, 1994; Vol. 2, pp 82824. (1)—N(1), 2.272(7); Cu(LyN(2), 2.045(7); Cu(LyN(3), 2.166(8); Cu(Ly

(4) Molecular MagnetismKahn, O., Ed.; VCH: New York, 1993. N(4), 2.100(8); Cu(2y0(2), 1.869(3); Cu(2yN(1), 2.240(7); Cu(2rN(2),

(5) The same condensation with Ni(ll) and Co(ll) provides completely 2.039(7); Cu(2)-N(3), 2.138(7); Cu(2yN(4), 2.125(7); Cu(1yO(1)—
different macrocycle$. Cu(1), 112.2(2); O(ErCu(1)-N(2), 179.1(2); N(4)yCu(1)-N(3), 122.0(3);

(6) (@) Kang, S. G.; Ryu, K.; Suh, M. P.; Jeong, J. Mbrg. Chem 1997, N(4)—Cu(1)-N(1), 130.9(3); N(3}Cu(1)}-N(1), 103.5(3); Cu(2rO(2)—
36, 2478. (b) Suh, M. P.; Lee, J. H.; Han, M. Y.; Yoon, T.I8rg. Chem. Cu(2), 112.3(2); O(2yCu(2)-N(2), 177.8(3); N(4)-Cu(2)-N(3), 118.7(3);
1997 5651. N(4)—Cu(2)-N(1), 133.5(3); N(3)-Cu(2)-N(1), 104.3(3); Cu(ZL)y-Cu(2),

(7) Butcher, R. J.; O’Connor, C. J.; Sinn, Borg. Chem.1981, 20, 537. 10.163(2); Cu(Ly-Cu(2), 9.670(2); Cu(Ly-Cu(2'), 9.677(2).
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Figure 2. Electronic absorption sr(Jez:tra of [complex]=5.29x 104
M, (1) pH = 10.8, (2) pH= 4.89, (3) pH= 3.42, and (4) pH= 1.62.
Inset: pH-dependent absorption changes at 738 nm, [complekP9
x 1074 M. Solid line is the best fit curve.
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Table 1. Structural Comparison betwednand 2

1, Cw(us—0), A 2, Cus(us—OH), A
distance Cs(2) Cu(2) Cus(1) Cu(2)
Cu-0 1.883(3) 1.869(3) 1.951(4) 1.966(4)
Cu—Nax 2.045(7) 2.039(7) 2.013(9) 2.001(9)
av Cu—Neg 2.188(4) 2.168(4) 2.145(5)  2.140(5)
O from Clspane 0.539(8) 0.528(9) 0.537(12) 0.564(12)
Cu from Nspane  0.238(5)  0.230(4) 0.166(6) 0.164(5)

in 0.4 M HCIQ, as verified spectrophotometrically, and we could
not obtain the salt of metal-frde by the addition of acid to an
aqueous or MeCN solution df.

The complex2 was prepared as blue-green crystals by
addition of HCIQ, to the aqueous solution of [Gl )(«s-O)]Cls*
2H,0 to a pH of 2, and its crystal structure was determitfed.
The overall structure a2 is essentially same as that bexcept

that a chloride anion instead of a water molecule locates between

the two Cy cluster units. The hydrogen atoms @f-OH in
Cuws(1) and Cy(2) cluster units are hydrogen bonded with a Cl
anion and an oxygen atom of CJQ respectively, which is
reflected in the low(OH) values. Structural data gg-oxo and
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Figure 3. Plots ofymT vs T andym vs T (insert) forl (@ andd) and2
(® andO) under 1.0 T. The solid lines are the best fit curves to eq 3.

between the trimetallic cluster units. The magnetic data are
interpreted in terms of spin Hamiltonian for a Lunit as
described in eq 2. Introducing an intercluster interactfopy
per trinuclear cluster is expressed as eq 3 wikTg = (e 32T
+ 5)/(6—3/2.1/kT + l)_7,17,18

H=-JS'S+S$S$+S5S) S +S+SH (2

xn = NGug F(T)/[AKT — zIF(T)] ©)

The best fit parameters for the magnetic susceptibility data to
eq 3 areg = 1.88,J = 109 cm}, andzJ= —0.720 cm! (R =
3.00 x 1074 for 1, andg = 2.17,J = 37.8 cnT!, andzJ =
—0.260 cm! (R = 5.30 x 1079 for 2. Although most of the
tricopper complexes previously reported exhibited antiferromag-
netic interaction¥2! and few showed ferromagnetistthe
presenjus-0xo andus-hydroxo tricopper complexes show a mixed
magnetic behavior with strong intramolecular ferromagnetic
interactions and weak intermolecular antiferromagnetic cou-
plings1%2%22 The magnetic interactions are much stronger in the
us-0xo complex than in thgs-hydroxo complex.
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Supporting Information Available: Figure S1 of an ORTEP plot
of [Cus(L)(us-OH)]Clos(ClO4)4.5-1.5H0 and Figures S2S7 for plots
of magnetization data (11 pages). X-ray crystallographic files, in CIF
format, for the complexe$ and?2 are available through the Web only.
See any current masthead page for ordering information and Web access
instructions.
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(15) Theyw values are field-dependent at temperatures near the maximum

decreasing temperature until it reaches a maximum, indicating aywT (Figures S2 and S3, Supporting Information) and the long-range

dominant ferromagnetic coupling within the £species> At
lower temperatureyyT decreases rapidly showing the antifer-
romagnetic coupling, which is associated with the interaction

(11) K, was obtained usin@ossa = €on’[Cus]t + (€0° — €on®)[Cug]d/(1 +
[H*)/Ks) where Agsq is the observed absorbance and {Cus the total
concentration of Cyspecieseon® andeo® are the extinction coefficients of
us-OH andus-O tricopper complexes, respectively.

(12) Anal. Calcd for CgCraHsgN12020Cls: C, 23.81; H, 4.83; N, 13.88.
Found: C, 23.75; H, 4.49; N, 14.2%(O—H—CI): 2536, 2114, 2089 cm.
UV/vis (MeCN): 738 nm ¢ = 657 cnT* M%) and 660 nm (sh)Aw(H20);
658 Q1 cnm? M1 for 1.14 x 1074 M.

(13) Crystal data foR: CusCp4HseN12ClsOz05 fw = 1210.7, cubic, space
groupP2,3, a = 20.447(2) A, V= 8548.5(14) & Z = 8, deacu= 1.881 g
cm 3, u(Mo Ka) = 1.885 mnm?, R= 0.0536 (4 data), andvR(P?) = 0.1272.
Relevant bond distances (A) and angles (deg): CuQ(l), 1.951(4);
Cu(1)-N(1), 2.207(9); Cu(1¥N(2), 2.013(9); Cu(1¥N(3), 2.141(10); Cu-
(1)—N(4), 2.086(10); Cu(2y0O(2), 1.966(4); Cu(2yN(1), 2.202(8); Cu(2y
N(2), 2.001(9); Cu(2yN(3), 2.114(9); Cu(2rN(4), 2.104(9); Cu(1yO(1)—
Cu(1), 112.8(3); O(1yCu(1)-N(2), 178.6(4); N(4)-Cu(1)-N(3), 124.5(4);
N(4)—Cu(1)-N(1), 131.9(4); N(3rCu(1)-N(1), 101.7(4); Cu(2>0(2)-
Cu(2), 112.1(3); O(2}Cu(2-N(2), 178.2(3); N(4)¥-Cu(2)—N(3), 122.3(4);
N(4)—Cu(2)-N(1), 133.3(3); N(3}-Cu(2)—N(1), 102.6(3).

(14) The data were corrected for diamagnetic contribution and temperature

independent paramagnetism (810 cgsu).

interaction was observed even under 5 Oe. There is no ferromagnetic impurity,
evidenced by the zero intercept in the plot of magnetization vs applied field
(Figure S4 a-c, Supporting Information). The fitted magnetization isotherms
at the temperature witjyT(max) to Brillouin functiort indicates aS= %/,
ground state (Figure S5, Supporting Information).

(16) The thermal depopulation of low-lying Zeeman levels may be an
alternative or additional reason for the turnoveryigil at low temperature.
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