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Complexes of bis(hexafluoroacetylacetonato)copper(ll) [Cu(bifigated with 3- and 44¢-oxyl-tert-butylamino)-
pyridines (3NOPy and 4NOPy) aH 3- and 4-{-oxyl-tert-butylamino)phenylimidazoles (3NOIm and 4NOIm)
were prepared. The 1:2 complexes [Cu(&INOPy and 4NOPy) have hexacoordinated octahedral structures

in which the two pyridyl nitrogen atoms are coordinated to the copper(ll) ions itréims configuration. The

1:1 complex [Cu(hfagJ4NOPYy)] has a distorted pentacoordinated pseudo-head-to-tail cyclic dimer structure in
which the oxygen atom of the aminoxyl group of one complex is situated at a distance of 2.79 A from the copper
ion of the other complex. The magnetic properties of these and two other complexes, [G({§Nadin and
4NOIm),], were investigated using a SQUID susceptometer. Temperature dependence studigs#F thedues

of [Cu(hfack(4NOPy})] revealed that the two aminoxyl radicals interact ferromagnetically with the copper(ll)
ion (S= 1/,) with an exchange parametdks = 60.4+ 3.3 K to produce a quartet ground staB= 3/,). On

the other hand, thgmo T value of the isomeric [Cu(hfagBNOPy}] was nearly constant at 0.5 emu K mbin

the temperature range-3800 K. A rectangular four-spin model was fitted to theT vs T plot for complex
[Cu(hfack(4NOPYy)] to givel/kg = 58.6 and 58.5 K. Similarly, th&values for [Cu(hfag3NOIm and 4NOImy)

were negative and positive, respectively, but their absalwalues were too small to determine in both cases.

Introduction allow their spins to exchange-couple strongly in two- or three-

Wh d inodi h d thei | dimensions in meso- or macroscopic scale, we should be able
eream- andp-quinodimethanes and their analogues, €.9., 1 gptain molecule-based magnets having reasonably high
the Thiele hydrocarbon, have closed-shell electronic structures, . i1 temperatured€).4

m-quinodimethane and the Schlenk hydrocarbon have triplet Magnetic metal ions not only have spins of their own right

ground state$. The same is true for the corresponding het- 1 s can also serve as connectors for high dimensional molecular

ef°~‘1‘.t°m'ce“t?f?d qllradlcals; wherzeaaspheomer has_ aquino- 5rchitecture by bridging the lower dimensional organic ligand
nediimineN,N'-dioxide structure),* m-phenylenebis{-tert molecules used as building blocks.Therefore, heterospin

_tl)_l#ylaml_noxyl) gn) IS a t|:|plet srﬁ)eues_m the _groubnd sté'fe.h systems consisting of organic free radicals and metal ions
Is reglospecificity in the exchange Interaction between the i te one of the most promising design strategies for high

two benzylic radical centers is derived from differences in the Tc molecular-based magnétsRecently we reported successful
phase of the spin polarization of theelectrons on the benzene syntheses of ferri/ferromagﬁets having two and thtes-

fng ar_1d has seryed as an Important guiding principle for butylaminoxyl radical units ligated to bis(hexafluoroacetylac-
designing super-hlgh-spln organic molecules as prototypes foretonato)manganese [Mn(hfac) In these and many previously
purely organic fefﬁomﬁgne%- It we are able to a_sgemble reported spin systems, the radical centers serve not only as spin
unpaired electrons in high concentration by synthesizing SUper-¢rces but also as ligating atoms. Alternatively, the two

high-spin molecules with appropriate spatial orientation, then functions could be separated through space as shown by the
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Scheme 1
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ions for [Mn(hfac}*NOIm] dimer were controlled by the
' regiochemistry of the radical center on the pyrider
0 N-phenylimidazole ring& Similarly, porphyrinatochromium-
’NQ (1) complex®¢ ligated with NOPy showed analogous re-
N-o_f giospecificity in its magnetic interactions. The observed
magnetic properties of the complexes were clearly explained
in terms of the spin polarization mechanisaf the z-electrons.
In metal-radical heterospin systems, the sign and magnitude
-t) of the exchange interaction between the two components
‘N@ depends not only on the periodicity of the ligamarbital, but
A _NM bory also strongly on the orbitals occupied by the unpaired d electrons
m' of the metal ion. Both, manganese(ll) and chromium(lll) have
unpaired electrons in thre magnetic orbitals which can overlap
L—S—L system, where L and S are the heteroaromatic ligating with the r orbitals of the ligand. However, as the copper(ll)
site and an unpaired electron center, respectively. It would jon has one unpaired electron in the_¢ orbital that has @
then be possible to employ a variety of non-Lewis base free magnetic charactéf, its complexes are expected to show
radical ligands other than aminoxyl radicals as bridging units. different magnetic behavior than those of Mn(ll) and Cr(i#).
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A successful examples of this is the 1:1 chain polymer complex

composed of manganese(ll) bis(hexafluoroacetylacetonate) [Mn-

(hfac)] with di(4-pyridyl)diazomethane in whichSaMn(ll) is
magnetically isolated before irradiation. However, on irradiation

the complex becomes a ferrimagnetic chain due to coupling of

the 3d-spin of the Mn(ll) with the 2p-spin of the carbene centers
that arise from by photolysis of the diazo moietfes.

To develop such (ES—L- - -M- - -), spin systems, however,
it is important to obtain further insight into the magnitude and

sign of the exchange coupling between the metal ion and the

radical centers. In particular it is of interest to see if the
regiospecificity found in organicr-diradicals such as quin-
odimethanesp vs m) is also found for the interaction between

free radicals and coordinated magnetic metal ions that are

separated byr conjugated ligands (M- --£S) (p' vs m' in
Scheme 1). Thus, [Mn(hfag)complexes ligated with either
pyridines orN-phenylimidazoles havinij-tert-butylaminoxyl
radical substituents (NOPy and NOIm, respectively) were

deemed to be suitable models and duly prepared. Their

We wish to report here the structural and magnetic charac-
terization of four 1:2 complexes of Cu(hfachgated with
3NOPy, 4NOPy, 3NOIm, and 4NOIm and one 1:1 complex of
Cu(hfac} with 4NOPy.

N-O X

//J !
SN <\NJ
3 position : 3NOPy 3NOIm
4 position : 4NOPy 4NOIm

Experimental Section

magnetic properties revealed that the signs of the exchange General Methods. Infrared spectra were recorded on a Hitachi
interactions between the radical center and the manganese(11)-5040 FT-IR spectrometer*H NMR spectra were measured on a JEOL

ion for [Mn(hfac)-(NOPy)] and between two manganese(ll)

(6) (a) Eaton, G. R.; Eaton, S. &cc. Chem. Resl988 21, 107. (b)
Caneschi, A.; Gatteschi, D.; Laugier, J.; Rey, P.; Sessolin&g.
Chem.1988 27, 1553. (c) Caneschi, A.; Gatteschi, D.; Renard, J. P;
Rey, P.; Sessoli, RInorg. Chem 1989 28, 1976. (d) Caneschi, A.;
Gatteschi, D.; Sessoli, R.; Rey, Rcc. Chem. Re4989 22, 392. (e)
Caneschi, A.; Gatteschi, D.; Rey, Prog. Inorg. Chem1991 39,
331. (f) Burdukov, A. B.; Ovcharenko, V. I.; Ikorski, V. N;
Pervukhina, N. V.; Podberezskaya, N. V.; Grigor'ev, I. A.; Larionov,
S. V.; Volodarsky, L. B.Inorg. Chem.1991, 30, 972. (g) Caneschi,
A.; Dei, A.; Gatteschi, DJ. Chem. Soc., Chem. Comm@892 630.
(h) Caneschi, A.; Chiesi, P.; David, L.; Ferraro, F.; Gatteschi, D.;
Sessoli, RInorg. Chem 1993 32, 1445. (i) Stumpf, H. O.; Ouahab,
L.; Pei, Y.; Grandjean, D.; Kahn, C8ciencel993 261, 447. (j)
Volodarsky, L. B.; Reznikov, V. A.; Ovcharenko, V. Bynthetic
Chemistry of Stable Nitroxide€RC Press: Boca Raton, FL, 1994;
Chapter 4.

(7) (a) Inoue, K.; lwamura, HJ. Am. Chem. S0d.994 116, 3173. (b)
Inoue, K.; lwamura, HJ. Chem. Soc., Chem. Commua894 2273.
(c) Inoue, K.; lwamura, HSynth. Met1995 71, 1791. (d) Inoue, K;
Hayamizu, T.; lwamura, HVol. Cryst. Lig. Cryst1995 273 67. (e)
Inoue, K.; Hayamizu, T.; lwamura, HChem. Lett 1995 745. (f)
Mitsumori, T.; Inoue, K.; Koga, N.; lwamura, H. Am. Chem. Soc
1995 117, 2467. (g) Inoue, K.; Hayamizu, T.; lwamura, H.; Hashi-
zume, D.; Ohashi, YJ. Am. Chem. S0d996 118 1803. (h) Inoue,
K.; lwamura, H.Adv. Mater.1996 8, 73. (i) Oniciu, D. C.; Matsuda,
K.; lwamura, H.J. Chem. So¢.Perkin Trans. 111996 907. (j)
lwamura, H.; Inoue, K.; Hayamizu, TRure Appl. Chem1996 68,
243. (k) Inoue, K.; Iwamura, HMater. Res. Soc. Symp. Prdi996,
413 313.

(8) (a) Koga, N.; Ishimaru, Y.; lwamura, Angew. Chem., Int. Ed. Engl.
1996 108 802. (b) Koga, N.; lwamura, HMol. Cryst. Lig. Cryst.
1997 305, 415.

270 Fourier transform spectrometer using CPp@bk solvent and
referenced to TMS. High-resolution mass spectra (HRMS) were
recorded on a JEOL Datum JM&X102 spectrometer. Epr spectra
were obtained on a Bruker ESP 300 X band spectrometer. Melting
points were obtained with a MEL-TEMP heating block and are
uncorrected. Elemental analyses were performed in the Analytical
Center of this Department.

X-ray Crystal and Molecular Structure Analyses. All the X-ray
data were collected using ModKradiation on a Rigaku AFC7R four
circle diffractometer. Pertinent crystallographic parameters and refine-
ment data are listed in Table 1. The structures were solvéd and
P2,/n for the 1:2 complexes and the 1:1 complex, respectively, by direct
methods and refinement converged using the full-matrix least-squares
method of the TEXAN Ver. 2.0 program (Molecular Structure Corp.).
All non-hydrogen atoms were refined anisotropically; hydrogen atoms
were included at standard positions<8, 0.96 A; C-C—H, 109.5,
120, or 180) and refined isotropically using a rigid model.

Measurements and Analyses of Magnetic Susceptibility Mag-
netic susceptibility data were obtained on a Quantum Design MPMS

(9) (a) Kitano, M.; Ishimaru, Y.; Inoue, K.; Koga, N.; lwamura, IHorg.
Chem.1994 33, 6012. (b) Ishimaru, Y.; Inoue, K.; Koga, N.; lwamura,
H. Chem. Lett1994 1693. (c) Kitano, M.; Koga, N.; lwamura, H.
Chem. Soc., Chem. Commui994 447.

(10) (a) Caneschi, A.; Gatteschi, D.; Sessoli, R.; ReyABc, Chem. Res.
1989 22, 392. (b) Luneau, D.; Rey. P.; Laugier, J.; Fries, P.; Caneschi,
A.; Gatteschi, D.; Sessoli, R. Am. Chem. S0d.99], 113 1245.

(11) (a) Sano, Y.; Tanaka, M.; Koga, N.; Matsuda, K.; lwamura, H.; Rabu,
P.; Drillon, M. J. Am. Chem. S0d997, 119, 8246. (b) Karasawa, S.;
Tanaka, M.; Koga, N.; lwamura, H. Chem. Soc., Chem. Commun.
1997 1359.
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Table 1. Crystallographic Data and Experimental Parameters for Cl, was added 0.33 g of freshly prepared8g The suspension was

Cu(hfac}(4NOPy}, Cu(hfac)(3NOPy}, and Cu(hfagY4NOPYy) stirred for 120 min and filtered. The resulting orange filtrate was used
Cu(hfac) Cu(hfac) Cu(hfac) fi)r metal com_plexation without further purification. EPR (&Hb) g
(4NOPy) (3NOPy), (4NOPy) = 2.0058,ay = 12.51 G.

3-(4-(N-tert-Butyl- N-oxylamino)phenyl)imidazole (4NOIm). This

?ommgal CogH2sN4O6F12CU - CosHaeNaOeF12CuU - CagHisN20sF1oCu radical was prepared in a manner similar to that described for
a A 11.621(5) 11.089(5) 9.571(4) preparation of 3NOIm using 4NOHIm in place of SNOHIm. EPR (H
b, A 12.602(6) 12.174(3) 19.915(4) Cly) g = 2.0057,ay = 11.87 G.
c A 6.717(2) 6.519(1) 13.439(5) Bis{ 4-(N-tert-butyl- N-oxyamino)pyridine} bis(hexafluoro-
a, deg 98.67(3) 94.18(2) acetylacetonato)copper(l1{ Cu(hfac),(4NOPy)}. A solution of 0.15
B, deg 90.98(3) 95.04(3) 96.88(3) g (0.3 mmol) of anhydrous bis(hexafluoroacetylacetonato)copper(ll)
y, deg 64.36(4) 108.39(2) in 40 mL of n-heptane was heated to reflux for 15 min, cooled to room
Vv, A 875.3(7) 827.2(5) 2543(1) temperature, and a solution of 4NOPY (0.6 mmol) in 10 mL obChl
fzw 81508 08 1808 08 4642 86 added. The solution was left under a stream of nitrogen gas.
=0~ - : Whereupon the product crystallized as green plates. Anal. Calcd for

Spgfgup P1(No.2) P1(No.2) P2i/n (No. 14) CasH2eN4OsCuU: C, 41.62; H, 3.49; N, 6.93. Found: C, 41.53; H, 3.51;
T°C 20 20 20 N, 7.23. , o
LA 0.71069 0.71069 0.71069 Bis{ 3-(N-tert-butyl-N-oxyamino)pyridine} bis(hexafluoro-
Pealo 1.533 1.622 1.679 acetylacetonato)copper(ll){ Cu(hfac)(3NOPy)}. This was prepared

g cnr3 in a manner similar to [Cu(hfag¥NOPYy}] using 3NOPYy in place of
u,cmt 732 7.75 9.79 4ANOPy. Orange needles were obtained. Anal. Calcd fgt@N,OsF1-
R(Fo)? 0.079 0.071 0.078 Cu: C, 41.62; H, 3.49; N, 6.93. Found: C, 41.33; H, 3.50; N, 6.89.
Ru(Fo)*  0.095 0.099 0.075 3-(N-tert-Butyl- N-oxyamino)pyridinebis(hexafluoroacetylacetonato)-

aR = S||Fol — |Fdll/3|Fol; Ry = [(SW(IFo | — |Fe )Z3WFo 9]¥2. copper(ll) {Cu(hfac),(4NOPy)}. This was prepared in a manner

o similar to [Cu(hfac)(4NOPy}] by mixing equimolar amounts of Cu-
SQUID susceptometer and corrected for the magnetization of the sample(hfac), in CH,Cl, and 4ANOPy. Dark green brick crystals were obtained.
holder and capsule, and for diamagnetic contributions to the samplesanal. Calcd for GoH1sN,OsF1,Cu: C, 36.40; H, 2.42: N, 4.47. Found:
which were estimated from Pascal’s constants. Temperature depen-c, 36.37; H, 2.54; N, 4.40.
dence of the molar paramagnetic susceptibjlity was expressed by Bis{ 3-(3-(N-tert-butyl- N-oxylamino)phenyl)imidazolg bis(hexa-

xmolT VS T plots ar_1d analyzed in terms of models for the magnetic fluoroacetylacetonato)copper(ll) { Cu(hfac)(3NOIm)z}. This was
structures determined by X-ray structural analyses or assumed byprepared in a manner similar to [Cu(hf@@NOPYy)] using a CHCl,
analogy. Any magnetic interaction due to higher order structures ¢qtion of 3NOIm. Reddish brown crystals were obtained. Anal.
revealed at lower temperatures was treated by assuming a mean-fieldc51cq for GeHaNgOsF1.Cu: C, 46.08: H. 3.66: N, 8.96. Found: C,
theory and expressed by the Weiss temperaure 46.06; H, 3.68; N, 8.81.

Preparation of the Ligands and the Copper Complexes.Unless . . L .
. . . ) . Bis{ 3-(4-(N-tert-butyl- N-oxylamino)phenyl)imidazolg bis(hexa-
otherwise stated, preparative reactions were carried out under a h'ghfIuorg{acétyl(::\\::etonatoglcopper}él|) {Cu ()EN Olz’])) (hfac) }e} Th(is was
purity dry nitrogen atmosphere. Tetrahydrofuran (THF) and dichlo- 2 -

7 . prepared in a manner similar to Cu(4NORffac), using a CHCI,
g;;ief%aﬂ;) d\;\i/g;e rifggigvzg/m ;;C(i'r:‘gatf’l3gfgap::tr;?:;tlg?gioa;ggp%\é?_r solution of 4NOIm. Red crystals were obtained. Anal. Calcd for
(1) [Cu(hfac)], 2-methyl-2-nitrosopropan®, and 3-(3- and 4-bro- CBGH_“NGOGFRCU: C, 46.08; H, 3.66; N, 8.96. Found: C, 46.19; H,

e " . 3.57; N, 9.05.

mophenyl)imidazol¥® were prepared and purified by the literature
procedures. Isomeric pyridine ligands having aminoxyl radical sub-
stituents, 4ANOPy and 3NOPy, were prepared according to the method
reported previously?

3-(3-(N-tert-Butyl- N-hydroxyamino)phenyl)imidazole (3NOHIm).
To a solution of 2.2 g (9.9 mmol) of 3-(3-bromophenyl)imidazol_e in X-ray Crystal and Molecular Structures. Crystallographic
100 mL of dry THF at-78°C was added 12.8 mL of a 1.6 M solution  data and experimental parameters for [Cu(hf@®)OPy and
of n-butyllithium in n-hexane. After stirring for 30 min, a solution of  3NOPyY] and [Cu(hfac)(4NOPy)] are summarized in Table
0.85 g (9.9 mmol) of 2-methyl-2-nitrosopropane in 15 mL of THF was 1. Selected bond lengths and angles are given in Table 2.

added dropwise. The reaction mixture was stirredifd at—78 °C . .
and then left overnight at room temperature. After the usual workup, (A) [Cu(hfac)2(4NOPy)]. As shown in the ORTEP drawing

the resultant brown solid was chromatographed on aluminum oxide ©f [Cu(hfacy(4NOPy}] in Figure 1, two pyridyl nitrogen atoms

with dichloromethane as eluent to give 0.57 g (2.5 mmol, 25.3% yield) are coordinated to the copper(ll) ion in ttrans configuration.

of the hydroxyamine as a brown, air-sensitive solid. It was oxidized The copper(ll) ion resides in the center of symmetry of a

as described below without further purification. distorted octahedron in which bond lengths are-Q{1) =
3-(4-(N-tert-Butyl-N-hydroxyamino)phenyl)imidazole (4NOHIm). 2.294 A, Cu-0(2) = 2.036(7) A, and CarN(1) = 2.045(9) A,

This was prepared using 4-bromophenylimidazole in place of 3-bro- gnd the bond angles between-6D(1) and the other ligands

mophenylimidazole in a manner similar to that used for the preparation g, nearly 99 (Table 2). As the elongation axis is through

of the 3-hydroxyamine derivative. Chromatography on aluminum oxide O PR :
with dichloromethane as eluent gave the 4-hydroxyamine (23.4% yield) oor(bli%alcctz %(la&htirgﬁ il;]d()l;;;tggsot;gt t??hfﬁfbﬂ;mef gj(gl;lr)]etlc
V2, z

hit lid, 155158 °C; IR (KB 3115 cml; *H NMR . . -
?2573 K,lv,_:ze é%lck)ngpl_lg (s, 9H) 1_6(() (brr) 11/,_') 7_13 (s, 1H), 7.25 (d, ion,are directed toward the O(2)s of the hfac units and the N(1)s

J = 8.8 Hz, 2H), 7.27 (s, 1H), 7.37(d,= 9.2 Hz, 2H), 7.82 (s, 1H). of pyridines. Furthermorg, the axis leans towgrd oxygen atom
Anal. Calcd for GsHiN:O: C, 67.50; H, 7.42; N, 18.17. Found: C, O(2) by ca. 8, and this is due to the elongation of the -€u
67.33; H, 7.37; N, 18.14. O(1) bond.

3-(3-(N-tert-Butyl-N-oxylamino)phenyl)imidazole. (3NOIm). To The lone pair of electrons on the pyridyl nitrogen are slanted
a solution of 0.025 g (0.11 mmol) of 3SNOHIm in 20 mL of dry gH slightly away from Cu-N(1) as suggested by the €(1)—

C(8) angle of 175.7.
(12) Stowell, J. CJ. Org. Chem1971, 36, 3055. S . S . .
(13) Johnson, A. L.; Kauer, J. C.; Sharma, D. C.; Dorfman, R. Med. A similar distortion in geometry together with an elongation

Chem.1969 12, 1024. axis through the oxygen atoms of the hfac units and the copper

Results and Discussion
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Figure 1. ORTEP drawing showing 30% probability ellipsoids and
the atom numbering scheme of the molecular structure for [Cuffac)

(4NOPy}).
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Table 2. Selected Bond Lengths (A) and Angles (deg)

bond lengths (A)

bond angles (deg)

Ishimaru et al.

complexes
Cu(hfacy~ Cu-O(1)  2.294(8) O(1}Cu—O(2) 95.0(3), 85.0(3)
(4NOPy) Cu—0O(2) 2.036(7) O(2XCu—N(1) 89.4(3), 90.6(3)
Cu-N(1)  2.045(9) O(1}Cu—N(1) 88.6(3), 91.4(3)
N(2)—O(3) 1.28(1)
N(2)—-C(8) 1.39(1)
Cu(hfacy~ Cu-O(1)  2.019(8) O(L}Cu-O(2) 95.1(3), 84.9(3)
(3NOPyy Cu—0O(2)  2.327(10) O(2yCu—N(1) 92.6(4), 87.4(4) (b)
Cu—N(1) 2.07(1) O(1}Cu—N(1) 90.4(4), 89.6(4) ,
N(2)-0(3) 1.29(1) N2 ,
N(2)—C(10) 1.46(1) 03 N1
Cu(hfacy~ Cu—-O(1) 1.992(7) O(L}Cu—0O(2) 94.8(3) N1 o3
(4NOPy) Cu-0(2) 2.198(7) O(1}Cu—0(3) 87.7(3) O/O N2
Cu-0O(3) 1.933(7) O(L}Cu—0(4) 89.4(3)
Cu-0(4) 1.929(6) O(1}Cu—N(1) 162.1(3) CK\O
Cu-N(1)  2.021(8) O(2yCu—0O(3) 89.1(3) _ )
N(2)-0O(5) 1.279(9) O(2}Cu—0O(4) 94.0(3) Figure 2. (a) A ball-and-stick model for the crystal structure of [Cu-
O(2)-Cu—N(1) 103.1(3) (hfack(3NOPy})] in which the nearest molecules along thexis are
O(3)-Cu—0(4) 175.9(3) presented. Dotted balls and broken lines indicate copper atoms and
O(3)-Cu—N(1) 90.9(3) the distances between the atoms,o = 2.74 andry_o = 2.45 A,
O(4)—-Cu—N(1) 90.9(3) respectively. (b) Molecular arrangement of two pyridylaminoxyl groups

projected to the aminoxyl radical plane. One-® of aminoxyl unit is

ion was also observed in the analogous 1:2 complex of Cu- shaded.

(hfacy—diazophenyl(4-pyridyl)methane reported previousfy.

The dihedral angle between the planes of Kxtert-butylami- molecules with a remarkably short distance of 2.45 and 2.74 A
noxyl moiety and the pyridine ring is pwhich is larger than for N---O and O--O (average distance between the two radical
the 1.7 angle observed for the corresponding manganese centers is 2.45 A). This leads to the formation of a magnetically
complex [Mn(hfac)(4NOPy}].%2 The average distance between linear chain along thb axis. As shown in Figure 2b, the-ND

the radical centers of the neighboring molecules is 5.85 A in p-orbitals of the adjacent aminoxyl radicals overlap each other
the crystal structure of [Cu(hfag#NOPy})], and as such the  almost perfectly in a head-to-tail configuration. The observed

free radical centers may be regarded as well separated.

(B) [Cu(hfac)2(BNOPy)]. As summarized in Table 2, the

molecular structure of [Cu(hfagBNOPYy}] is very similar to

that of the isomeric 4NOPy complex: two pyridine units are
coordinated to the copper ion int@ns configuration. As the
bond lengths of Cu(ll) with the six ligating atoms are 2.019(8),

2.327(10), and 2.07(1) A for GuO(1), Cu—-0O(2), and Cu-

N(1), respectively, the coordination geometry is a distorted
octahedral with the O(2)s of hfac units as apical ligands. The

dihedral angle between the planes Nftert-butylaminoxyl

moiety and the pyridine ring is 39 In their crystal structures
as represented in Figure 2a, both aminoxyl groups in [Cu(}fac)
(B3NOPy}] pack in close proximity to those of the neighboring

short intermolecular distance between the aminoxyl groups and
their relative geometry led us to predict that the crystalline
compound would exhibit strongly biased magnetic properties.
This is discussed further in the following section.

(C) [Cu(hfac)2(4NOPy)]. The molecular and crystal struc-
ture of the 1:1 [Cu(hfagf4NOPYy)] complex is shown in Figure
3. The complex has a discrete five-coordinated structure, and
the coordination geometry is intermediate between a square
pyramid and a trigonal bipyramid. The obtained bond angles
of 94.8, 89.1, 94.3, and 103or O(1)—Cu—0(2), O(3)-Cu—
0(2), O(4)-Cu—0(2), and N(1)Cu—0(2), respectively, in-
dicate that the coordination geometry is closer to a square
pyramid than to a trigonal bipyramid in which ideal bond angles
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C1

Figure 3. (a) ORTEP drawing showing 30% probability ellipsoids
and the atom numbering scheme of the molecular structure and (b) a
ball-and-stick model for the dimer structure of [Cu(ht#éNOPYy}).
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Figure 4. Plots of ymoT vs T for crystalline samples of [Cu(hfag)
(4ANOPy}] (O) and [Cu(hfacy3NOPy}] (®). The solid curve is a

theoretical one calculated by eq 1.

T
100

close to the theoretical o{gmoT = 0.12505x g x 2[35S+

1)] = 0.12505x 2 x 2 (lo(Y2 + 1)) = 1.13 emu K mot1}
calculated for three isolated= 1/, spins in terms of the spin-
only equation. As the temperature was decreasedytb@
value gradually increased, reaching a maximum at 36 K, and
rapidly decreasing below 10 K. The maximymo T value of
1.69 emu K mot! that was observed is slightly smaller than
the theoretical one (1.87) calculated = 3,. The obtained
xmolT—T curve for [Cu(hfac)4NOPy}] was analyzed quanti-
tatively on the basis of a linear three-spin moggi- - -Su- -

-S; H=—-2)(SSu + SuS)} that was deemed to be appropriate
from X-ray molecular and crystal structure analysis. Equation
1 for three spins withs; = S, = Sy = Y/, was applied and
fitted to the observegmoT—T plot for [Cu(hfack(4NOPy})]

by means of a least-squares method. All the symbols have their

Nug’0®T 60 exp(3IT) + 6 exp(2IT) + 6
3ke(T — 0) 4(4 exp(I/T) + 2 exp(2IT) + 2)

XmoIT = (1)

usual meaning. The best parameters of best fit were 0.4
3.3 K, 2.048+ 0.0091,—3.58 + 0.09 K for Jkg, g, and 6,
respectively, and the theoretical curve is represented by a solid
line in Figure 4.

(B) [Cu(hfac)x(BNOPY)Y]. TheymoT—T plot for the isomeric

Dotted balls and broken lines indicate copper atoms and the distancescomplex [Cu(hfac3NOPy}] showed quite different temper-

between the atomso-c, = 2.79 A, respectively.

are 120. As the longest bond length between Cu(ll) and the
five ligating atoms is 2.198(7) A for CtO(2), the axial ligand

ature dependence behavior. Thg T value was ca. 0.6 emu
K mol~1 at 300 K and gradually decreased to 0.43 at 10 K, as
the temperature was lowered from 300 K. Since the theoretical

ymoiT Values calculated for spin only situations wifh= 1/,

of the square pyramid is considered to be O(2) of the hfac unit. 3/, and with degenerate two doublet and one quartet states are

Furthermore, this copper ion interacts with an additional oxygen
atom O(%) from the aminoxyl group of the neighboring
complex. This CuO(5) interaction occurs on O(5) at a
distance of 2.79 A (angle of O(2Cu—0(5) = 169) leading
to a pseudo-head-to-tail dimer structure in which two pyridine
planes lie in a face-to-face configuration at a distance of-3.76
3.83 A (Figure 3b). The dihedral angle between the planes of
tert-butylaminoxyl moiety and the pyridine ring is 26

Magnetic Properties of [Cu(hfach(4NOPy and 3NOPy}],
[Cu(hfac)(4NOPy)], and [Cu(hfack(3NOIm and 4NOIm),].
The magnetic susceptibility data of five copper complexes were
obtained in the temperature range 300 K at a constant field
of 100 or 800 mT. The temperature dependenceg.gf for
[Cu(hfack(4NOPy and 3NOPY) are given in Figure 4.

0.37, 1.88, and 1.13 emu K md| respectively, the observed
values at 10 and at even 300 K are close to a theoretical ones
calculated forS= 1/,. There are two possibilities available to
explain the observegm,T—T plot: (1) The two aminoxyl
radicals recombined chemically to a diamagnetic difnduring

the crystallization. (2) The two spins of the aminoxyl radicals
canceled each other out by a strong antiferromagnetic interac-

tion. If this is the case, the recombinatiedissociation process

must be reversible as typical EPR signals due to the aminoxyl
radical were observed after dissolving the sample in dichlo-
romethane. Possibility (2) was supported by the X-ray analysis
of the crystal and the molecular structure of [Cu(hfac)
(3NOPy}].

(A) [Cu(hfac)2(4NOPY)]. A ymoT value of 1.29 emu K
mol~-1 was obtained at 300 K for [Cu(hfag#NOPy}] and is

(14) Patai, S., Rappoport, Z., EdNlitrons, nitronates, and nitroxidegohn
Wiley & Sons: Chichester, 1989; Chapter 4, p 346.
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Figure 5. Plot of ymeT vs T for a crystalline sample of [Cu(hfag) Figure 6. Plots of ymoT vs T for crystalline samples of [Cu(hfag)

(4NOPy}]. The solid curve is a theoretical one calculated by eq 2. (4NOIm)] (O) and [Cu(hfacX3NOIm),] (®). The solid curve is a
theoretical one calculated by eq 1.

Scheme 2
J respectively. The temperature dependence ofithd is then
S; — Swm given by eq 2:
al | D a - Nug’g’T 8(a; + a, + as) + 24a, 2
' Xmol 3Kks(T — 0) 4(a, + @, + a; + a, + as + ay)
Smz2 S,

a, = exp[—(2+ 2a+ 2va’ + a+ 1)J/T]

The relatively large dihedral angle (3%etween the plane

of N-tert-butylaminoxyl moiety and the pyridine ring is con- a,=exp[-(2+2a— 2va’ +a+ 1)JT]
sidered to weaken the interaction between the aminoxyl and

the copper ion whereas the short distance of 2.45 A between ag = exp[—(2a + 2)J/T]

one aminoxyl group and another one belonging to its nearest

neighbor molecule strengthens the through-space antiferromag- a, = exp(~2aJT)

netic interaction between the two aminoxyl groups. Recently,

we found strong intermolecular antifferomagnetic interactions as = exp(=2J/T)

with J/kg = — 158 and—239 K in nitronylnitroxide NNN) and

iminylnitroxide (IN) imidazole derivatives, respectively, in 8=

which the relative geometry of the p-orbitals between two
aminoxyl radical centers were ideal for overlap; these centers
were separated by a short distance of 3.49 and 3.5% As
represented in Figure 2b, the observed geometry of the two
aminoxyl radical centers in this work was closer to ideal than
for the imidazole derivatives. Therefore, their interaction in

where all symbols have their usual meaning. Fitting of eq 2 to
the observed values was refined by means of a least-squares
method. The theoretical curve of the best fit is represented in
Figure 5 by a solid line and its parametedsa g, andf are
58.5K, 1.001, 2.113, and 0.33 K, respectively. Tha value
! : is almost 1, indicating that the magnitude of the exchange
[Cu(hfack(3NOPy)] is predicted to be extremely strongly interaction of the aminoxyl radical and the copper ion through
antiferromagnetic. If we take the dihedral angle of 3the the pyridine ring and through space are accidentally equal.
relative geometry of the p-orbitals, and the distance of 2.45 A Ajthough the dihedral angle between the radical plane and
into account,—Jinter Should be smaller than239 K (—Jintra > pyridine ring is slightly larger (29, the Jkg value (58 K) is
—Jine)-  Therefore, in theymoT—T plot it appears as if the  close to the value of 62 K obtained in [Cu(hfg@NOPY})]
copper complex has no aminoxyl radical units. under similar conditions and which is due to the interaction
(C) [Cu(hfac),(4NOPY)]. A plot of ymoT—T for the 1:1 through the pyridine ring.
complex is shown in Figure 5. When the temperature was (D) [Cu(hfac)x(3- and 4NOIm),]. The temperature depen-

decreased from 300 to 2 K, theiT values (1.96 emu K mot dence of ymoT for powder samples of both isomeric 1:2
at 300 K) increased gradually, reached a maximum (3.20 emucomplexes, [Cu(hfagl3NOIm and 4NOImy], are shown in
K mol~! at 9 K), and then decreased. Figure 6.

The obtaineg/mq T values at 300 K for both isomeric copper
. . complexes are close to each other; 1.21 and 1.12 emu K'mol
Figure 5, a rectangular four-spin model (Scheme 2) suggestedfOr [Cu(hfack(3NOIm and 4NOImy], respectively, and in good
by the X-ray crystal and molecular structure analysis was agreement with the theoretical onggT = 1.13 emu K mat?)
assumed. for an isolated three spins system wk= 1/,. However, their
The spin Hamiltonian for such a system is given Hy= xmolT—T plots (Figure 6) contrast sharply, especially in the low-
—2)(SSv1 + Sw2S) — 2a)SSw2 + SuiS), whered andal temperature region below 30 K. As the temperature was
are intra- and intermolecular exchange coupling parameters,decreased, thgno T value for [Cu(hfacy4NOIm),] remained
nearly constant untii 30 K and then increased below this
(15) Akabane, R.; Tanaka, M.; Matsuo, K.; Koga, N.; Matsuda, K.; temperature, while thgmT value for [Cu(hfacX3NOIm)]
Iwamura, H.J. Org. Chem1997, 62, 8854. decreased gradually below 30 K. Although structural informa-

For quantitative analysis of the observegd, T—T plot in
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Figure 7. Scheme illustrating the interaction of the magnetic orbital
of the copper(ll) ion with (a) ther-orbitals at the nitrogen of pyridine
ring in the 1:2 complex, (b) the-orbitals of pyridine and aminoxyl
radical in the 1:1 dimer complex. The interaction scheme for the
manganese(ll) complex is depicted in (c).

tion by X-ray analysis for both complexes are missing, a linear
three-spin model was assumed and the observed—T plots
were fitted to eq 1. The best-fit parameters wéfie, = 4.26

+ 0.08 K,6 = —0.024+ 0.008 K, andy = 2.043+ 0.002, for
[Cu(hfack(4NOIm)]. These values suggest a weak ferromag-
netic interaction is operating between the copper ion and
aminoxyl radical in [Cu(hfagf4NOIm),]. Antiferromagnetic
interactions were expected to take place between these center
in [Cu(hfack(3NOIm),] but the obtained value (-2.74 K) is

too small to discuss its magnitude.

Ferromagnetic Exchange Interaction in the Copper Com-
plexes and Comparison of Its Interaction with That in the
Corresponding Manganese ComplexesThe magnetic inter-
actions between copper(ll) amdt(4-pyridyl)-N-tert-butylami-
noxyl radical found in this work are unique in that they are
ferromagnetic and considerably large in magnitudiés = 60.4
and 58.5 K for the 1:2 and 1:1 complexes, respectively. The
couplings of the copper ions attached directly to the aminoxyl
radicals via their oxygen atoms are well documented and
typically antiferromagnetic due to the overlap of the singly
occupied orbitals of the metal ion and the free radical. Only
when the oxygen atom of an aminoxyl radical is axially bound
to a tetragonal copper (Il) ion, a weak ferromagnetic coupling
(~20 K) develops® The relative geometry between the
magnetic orbital of the copper(ll) ion and the p-orbital of the
pyridine ring as revealed by X-ray molecular structure analyses
is illustrated in Figure 7.

The magnetic orbital,@,2, orthogonal to the elongated axis
of octahedral Cu(ll), is directed to the two nitrogen atoms of
the pyridine groups and the oxygen atoms of the two hfac
ligands in the 1:2 complexes (Figure 7a). On the other hand,
the magnetic orbital @2 of Cu(ll) on the basal plane of the
square pyramid is directed to one pyridyl nitrogen atom and
three of the oxygen atoms of the hfac units in the 1:1 complex.
Furthermore, the oxygen atom of the aminoxyl radical in the
other molecule of the dimer is situated at the axial position of
the pentacoordinated structure (Figure 7b). As seen clearly in
Figure 7, both the magnetic orbitalzdz of Cu(ll) and the
mr-orbital at the nitrogen atom of the pyridine unit or the oxygen
atom in the aminoxyl radical unit have no significant overlap
and the relative geometry between them should be orthogonal.
This orthogonality of the singly occupied d orbital and nitrogen
2p-orbital to which spin is polarized via theelectrons on the

Inorganic Chemistry, Vol. 37, No. 9, 1992279

pyridine ring from the aminoxyl radical center is responsible
for the ferromagnetic interaction. For the construction of super-
high-spin molecules in hetero-spin systems, this consideration
lead to the interesting and useful conclusion that copper(ll) ion
in normal 5- and 6-coordination induces parallel spin on the
ligating atom of conjugatedr-ligands such as pyridine, as
illustrated in this work. There is one important precedent for
such ferromagnetic coupling in the copper(ll) complex with
2-(2-pyridyl)-4,4,5,5-tetramethyl-4,5-dihydrd4iimidazolyl-1-

oxyl in which both the imino and pyridyl nitrogens are attached
to the copper ion as a bidentate ligand and the ferromagnetic
coupling is as strong as215 K 1% |n this case, delocalization

of the spin by the contribution of an aminyl nitrone resonance
hybrid and proximity of the imino nitrogen atom with respect
to the aminoxyl radical center, which facilitate the spin
polarization at the imino nitrogen, appear to be responsible for
the stronger ferromagnetic coupling.

When the molecular structure (Figure 1) of [Cu(hfac)
(4NOPyy}] found in this work is compared with those of the
corresponding manganese complexes, e.g. [Mn{{fadpPy})],
reported previously2 we note that both the complexes have
similar molecular structures in which nitrogen atoms of two
4ANOPys are coordinated to the metal ion in thens config-
uration. However, when th#kg values of both the complexes
are compared, the signs are opposite: positive for the former
and negative for the latter witilks = 60.4 and—12.4 K for
[Cu(hfack(4NOPy)] and [Mn(hfac}(4NOPYy})], respectively.
Furthermore, we note that the magnitude for the copper(ll) ion
is about five times larger than the one for the manganese
Eomplex. The torsion angles between Mwert-butylaminoxyl
and the pyridine ring are 10 and 1.for [Cu(hfach(4NOPy})]
and [Mn(hfac}(4NOPy)], respectively, and thus does not
explain the difference. Therefore the difference in tiis
values between the copper and the manganese complexes is
considered to be derived from the magnetic d orbitals occupied
by the unpaired electrons in the metal iong,-@ for copper-

(1) and d.y, dy dy, d—y2, and @2 for manganese(ll) ions. The
coordination geometry of the [Mn(hfa¢tNOPy}] complex

was a slightly elongated octahedron in which the axial ligands
are the nitrogen atoms of pyridine groups. Therefore, the
magnetic orbitals of manganese(ll) ion can overlap withsthe
orbital at the nitrogen on the pyridine ring (Figure 7c) to produce
an antiferromagnetic interaction with the spin on nitrogen
transmitted in the same way as the case for the copper complex.

The temperature independeptoT value for [Cu(hfacy
(BNOPy}] was also observed in thgnoT—T plot for [Mn-
(hfacx(3NOPy)] under similar conditions. As reported
previously?? its magnetic interaction could not be explained
completely due to a lack of structural information. Present work
on [Cu(hfac)(3NOPy)] suggests that [Mn(hfaglBNOPy})]
might have an analogous crystal structure and that its magnetic
property is controlled by the same intermolecular antiferromag-
netic interactions as discussed in the case of [Cu(kfac)
(3NOPy}].

Conclusion

The magnetic properties of isomeric complexes [Cu(hfac)
(3NOPy and 4NOPy) are in stark contrast, although both
complexes had similar molecular structures in which the two
NOPys were ligated to one copper ion in trensconfiguration.

In [Cu(hfack(4NOPYy})], two aminoxyl radicals interact ferro-
magnetically with the copper ion via theconjugated pyridyl

ring to produce a ground-state quartet species. Jkgevalue
between the copper ion and the aminoxyl radical was estimated
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to be 60.4+ 3.34 K by fitting a linear three-spin model to the It is in line with the conclusion of this work that chain
observedmoT—T curve. On the other hand, thgoT—T plot polymer complexes made of Mn(hfa@nd Cu(hfac) with di-
showed a horizontal line of height 6:6.4 emu K mof?! in (4-pyridyl)diazomethane gave dilute paramagnets due to Mn-

the [Cu(hfac)(3NOPy}] complex, suggesting that only the spin  (Il) and Cu(ll) ions, respectively, which became ferri- and
of the isolated copper ion remained and those of the two ferromagnetic chains of considerable correlation length after
aminoxyl radicals canceled each other out by strong antiferro- photolysis of the diazo moieties to generate triplet carbene
magnetic intermolecular interactions between the nearest neighcentersh11
bor molecules (Figure 2b). The 1:1 complex, [Cu(hfac) .
(4ANOPYy)], has a pseudocyclic dimer structure in which the . Agknowledgment. This Yvork.was supported by a Grant-
aminoxyl radical and the copper ion interact ferromagnetically in-Aid for COE Research Dfs'gn and C.OT‘"O' of Advan_ced
both through bond and through space witks = 58.6 and 58.5 Mqlecular Assembly Systems” from the Ministry of Education,
K In the NOIM—Cu svst imil tic behavi Science and Culture, Japan (#08CE2005).
. ystems, similar magnetic behaviors were
observed but the magnitude of interaction was much smaller;  Supporting Information Available: Tables S+SVI, SVII-SXIl,
J/kg for [Cu(hfack(4NOIm),] is 4.26 £+ 0.08 K. and SXIII=SXVIII, listing experimental details, atomic coordinates,
The weak ferro- and presumably antiferromagnetic interac- and isotropic thermal factors, anisotropic displacement parameters, bond
tions between the copper ion and the aminoxyl radical in [Cu- '€ngths, bond angles, and torsion angles for [Cu(kf@8bOPy and
(hfack(4NOIm and 3NOImy, respectively, are ascribed to the ~4NOPY}] and [Cu(hfacy(4NOPy)], respectively, are available (80
weakened through-bond exchange coupling due to the presenc@ages)' Ordering information is given on any current masthead page.
of many interveningr bonds. IC970602S



