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4,4-Bis(N-tert-butyloxylamino)-2,2-bipyridine @) and its 1:1 complexes with bis(hexafluoroacetylacetonato)-
manganese(ll), -copper(ll), and -zinc(ll) were prepared. An X-ray structure analysis of free Jiganéals that
the molecule has a trans conformation withsymmetry and the aminoxyl radical center has a short contact of

2.36 A with one of the neighboring molecules. The three 1:1 complexes have mutually similar molecular structures

in which the 2,2-bipyridine moiety has a cis conformation and serves as a bidentate ligand and coordination
geometry around the metal atom is a distorted octahedron. The EPR experiments for freetleahdzn-

(hfack-4] in frozen solution suggested that the exchange couplings between the two aminoxyls (R) through the

2,2-bipyridine rings are antiferromagnetic wiflh—r/ks = —19.3+ 0.5 and—24.34+ 0.4 K, respectively. Isosceles
triangular three-spin models were applied to the 1:1 magnetic metal complexes tixgikes = —19.1+ 0.2

K and Jr-r/ks = —32.9+ 0.3 K for [Mn(hfac)-4] and Jr-m/ks = +73 + 18 K andJr-r/ks = —24.5+ 6.5 K
for [Cu(hfac)-4].

Introduction understand the magnetic coupling in the metal complexes with
2,2-bipyridines carrying organic spirs4-(N-tert-butyloxy-
lamino)-2,2-bipyridine and 4,4bis(N-tert-butyloxylamino)-2,2
bipyridine @ and4) and their 1:1 complexes with Mn(hfac)
and Cu(hfac) were designed and prepared. Similarly, a dia-
magnetic metal ion, zinc(ll), was used to prepare reference
/ complexes [Zn(hfag)3 and4].8
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In the 1:2 mixed-ligand complexes of bis(hexafluoroacetyl-
acetonato)manganese(ll) and -copperINMn(hfac) and Cu-
(hfack}, with 4-(N-tert-butyloxylamino)pyridine,1, magnetic

30 IR spectrometeH NMR spectra were measured on a JEOL 270
Fourier transform spectrometer using C&$ solvent and referenced
to TMS. FAB mass spectra (FAB MS) were recorded on a JEOL JMS-

. . . . . SX102 spectrometer. Melting points were obtained with a MEL-TEMP
interactions between the aminoxyl radicals and the metal ions P ng points w et

through the pyridine rings are metal-dependent: antiferromag-
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Table 1. Crystal Data and Structure Refinements 4do{Zn(hfac)-4], [Mn(hfac)*4], and [Cu(hfac)-4]

Sakane et al.

4 [Zn(hfac)-4] [Mn(hfac),"4] [Cu(hfac)k-4]
empirical formula QgH24N402 C23H25N4OGF122I"| ngH26N4OGF12Mn C23H26N405F12Mn
fw 328.43 807.90 797.46 806.07
a(A) 8.349(2) 12.768(1) 12.68(2) 23.427(2)

b (R) 9.068(2) 22.184(3) 22.052(3) 16.983(1)
c(R) 6.700(1) 13.312(2) 13.275(6) 21.999(2)

o (deg) 108.29(2)

B (deg) 109.18(2) 113.019(2) 111.73(6) 128.974(4)
¥ (deg) 100.57(2)

V(A3 431.0(2) 3470.4(7) 3447(4) 6804.2(9)
space group P1 (No. 2) C2/c (No. 15) C2/c (No. 15) C2/c (No. 15)
VA 1 4 4 8

pealca (g €MT3) 1.273 1.546 1.536 1.246

) 1.54178 (Cu Ky) 0.71069 (Mo Ky) 0.71069 (Mo Kx) 0.71069 (Mo Ky)
u (cm™) 6.82 (Cu k) 8.17 (Mo Koy) 4.93 (Mo Ko 5.64 (Mo Ko.)
Re (Fo) 0.048 0.055 0.054 0.060

Ry (Fo) 0.043 0.052 0.070 0.056

T(K) 298 296 296 296

AR = 3 (IIFol — IFel)/2IFol. Ry = [XWI(IFol — |Fcl)? X WIFo|F"2

heating block and are uncorrected. Elemental analyses were performedespectively. Bis(hexafluoroacetylacetonato)manganese(ll), -copper(ll),
at the Analytical Center of Faculty of Science in Kyushu University. -zinc(ll) {M(hfac)y, M = Mn(ll), Cu(ll), and zZn(ll)}, 2-methyl-2-
X-ray Crystal and Molecular Structural Analyses. Diffraction data nitrosopropané? and 4,4-dibromo-2,2-bipyridine** were prepared and
were collected using Cudand Mo Ko radiations on Rigaku AFC5R purified by the literature procedures.
and AFC7R four-circle diffractometers fo4 and [Mn(hfac)-4], 4,4-Bis(N-tert-butylhydroxylamino)-2,2'-bipyridine. To a solution
respectively, and using Mo & radiation on a Rigaku RAXIS-IV of 2.2 g (9.9 mmol) of 4, 4dibromo-2,2-bipyridine in 100 mL of dry
imaging plate area detector system attached with a liquid-nitrogen ether at—78 °C was added 12.8 mL of a 1.6 M solution of
cooling system for [Cu(hfag)4] and [Zn(hfac)-4]. In RAXIS-IV, the n-butyllithium in n-hexane. After stirring for 30 min, a solution of 0.85
incident radiation consisted of ModKX-rays generated by a rotating- g (9.9 mmol) of 2-methyl-2-nitrosopropane in 15 mL of ether was added
anode X-ray generator fitted with a graphite monochromator and dropwise. The reaction mixture was stirred foh at—78 °C. After
operated at 50 kV and 40 mA. The oscillation angle used for [Zn- the usual workup, the precipitate was chromatographed on aluminum
(hfac)-4] and [Cu(hfac)-4] was 5, and each data frame was exposed oxide with dichloromethane as eluent to give 0.57 g (2.5 mmol, 25.3%
for 10 min. Totals of 46 data frames for [Zn(hfae}] and [Cu(hfac): yield) of the hydroxyamine as a white solid: mp 24%8°C; IR (KBr)
4] were collected and processed using the RAXIS control software. v 3203 cm?; *H NMR (270 MHz, CDC}) 6 1.19 (s, 9H), 7.15 (dd]
Pertinent crystallographic parameters and refinement data are collected= 2.0 and 5.4 Hz, 1H), 8.22 (d,= 2.0 Hz, 1H), 8.43 (dJ = 5.4 Hz,
in Table 1. 1H), 8.70 (s, 1H); FAB mass (im-NBA matrix) 331 (M+ 1). As this
The structures of, [Zn(hfac)-4], [Mn(hfac),-4], and [Cu(hfac)-4] hydroxyamine was easily oxidized by air during a crystallization, it
were solved inP1 (No. 2), C2/c (No. 15), C2/c (No. 15), andC2/c was used for oxidation reaction without further purification.
(No. 15), respectively, by direct methottsand refinement converged 4,4 -Bis(N-tert-butyl- N-oxylamino)-2,2-bipyridine (4). To a solu-
using a full-matrix least-squares method of the teX&arystallographic tion of 0.025 g (0.11 mmol) of dihydroxyamine in 20 mL of dry ether
software package (version 1.9). All non-hydrogen atoms were refined was added 0.33 g of freshly prepared,®g The suspension was stirred
anisotropically; hydrogen atoms were included at standard positions for 30 min and filtered: mp 161162 °C; FAB mass (inm-NBA
(C—H 0.96 A, C-C—H 120) and refined isotropically using a rigid matrix) 331 (M+ 3). Anal. Calcd for GgH24N4O2: C, 65.83; H, 7.37,
model. N, 17.06. Found: C, 65.72; H, 7.41; N, 16.76. EPR ¢CH): g =
EPR Spectra and Magnetic MeasurementsEPR spectra were 2.0068,an/2 = 5.6 G.
recorded on a Bruker ESP300 X-band (9.4 GHz) spectrometer equipped  4,4-Bis(N-tert-butyloxylamino)-2,2'-bipyridinebis(hexafluoro-
with a Hewlett-Packard 5350B microwave frequency counter. An Air acetylacetonato)manganese(ll) [Mn(hfag)4]. A solution of 0.15 g
Products LTD-3-110 liquid helium transfer system was attached for (0.3 mmol) of bis(hexafluoroacetylacetonato)manganes2pO in
the low-temperature measurements. Sample solutions were placed ir40 mL of n-heptane was heated to reflux for 15 min and cooled to
5 mm o.d. quartz tubes, degassed by three freeze-and-thaw cycles, andoom temperature, and a solution 4{0.6 mmol) in 10 mL of ether
sealed. was added. The solution was left under a stream of nitrogen gas.
Magnetic susceptibility data were obtained on Quantum Design Manganese complex was obtained as orange plates in 27% yield: mp
MPMS,; (0—10 kOe) and MPMS (650 kOe) SQUID magnetometer/  197-193 °C. Anal. Calcd for GgH2eN4OsF12Mn: C, 42.17; H, 3.29;
susceptometers. The data were corrected for the diamagnetic contribuN, 7.03. Found: C, 42.42; H, 3.30; N, 7.12.
tion in the range—3.7 x 10°°to —6.7 x 107° emuG of sample 4,4 -Bis(N-tert-butyloxylamino)-2,2'-bipyridinebis(hexafluoro-
capsules and holding straws used. The diamagnetic contributions ofacetylacetonato)copper(ll) [Cu(hfac)-4]. This was prepared in a
the samples were estimated by Pascal’s constants. manner similarly to [Mn(hfag)4] using Cu(hfac) in place of Mn-
Preparation of the Ligands and the Metal Complexes.Unless (hfac). Brown blocks were obtained in 31% yield: mp 18837 °C.
otherwise stated, preparative reactions were carried out under a high-Anal. Calcd for GgH26N4OsF12Cu: C, 41.72; H, 3.25; N, 6.95. Found:
purity dry nitrogen atmosphere. Diethyl ether and dichloromethane were C, 41.79; H, 3.23; N, 7.02.
distilled from sodium benzophenone ketyl and over calcium hydride,  4,4-Bis(N-tert-butyloxylamino)-2,2'-bipyridinebis(hexafluoro-
acetylacetonato)zinc(Il) [Zn(hfack-4]. This was prepared in a manner
(9) (a) Kahn, OMolecular MagnetismVCH: New York, 1993; Chapter similarly to [Mn(hfac)-4] using Zn(hfac) in place of Mn(hfac). Orange
10. (b) Woo, H. Y.; So, H.; Pope, M. T1. Am. Chem. Sod.996 needles were obtained in 15% yield: mp #7280 °C. Anal. Calcd

118 621. . . . . .
(10) Fuijita, J.; Tanaka, M.; Suemune, H.; Koga, N.; Matsuda, K.; lwamura, gorzg,zﬁngscfeFlzzn' C,41.63;H,3.24;N, 6.93. Found: C, 41.88; H,
H. J. Am. Chem. S0d.996 118 9347. e T e
(11) SHELEX86 for4, SIR92 for [Zn(hfac)-4] and [Mn(hfac}-4], and
SAPI91 for [Cu(hfacy4]. (13) Stowell, J. CJ. Org. Chem1971 36, 3055.
(12) Crystal Structure Analysis Package, Molecular Structure Corporation (14) (a) Maerker, G.; Case, F. H. Am. Chem. Sod.958 80, 2745. (b)
(1985 and 1992). Wenkert, D.; Woodward, R. B]. Org. Chem1983 48, 283.
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Table 2. Selective Bond Lengths (A), Bond Angles (deg), and Dihedral Angles (deg) for [ZngrhdMn(hfac),+4], and [Cu(hfac)-4]

[Zn(hfac)-4] [Mn(hfac),"4] [Cu(hfack-4]
Bond Lengths (A)
Zn—02 2.093(2) Mr-02 2.155(3) Cu02 1.961(5) Cu03 2.308(5)
Zn—03 2.130(3) Mr-O3 2.160(4) Cu05 1.962(5) Cw06 2.340(5)
Zn—N2 2.135(3) Mnr-N2 2.240(4) Cu-N2 1.998(6) Cu-N4 1.992(6)
Angles (deg)
02—Zn—N2 166.32(10) OZ2Mn—N2 161.0(1) 02-Cu—N2 172.8(2) 02-Cu—N4 94.9(2)
02—-Zn—N2 93.0(8) 02-Mn—N2 92.1(1) 03-Cu—N2 99.1(2) 0O3-Cu—N4 89.9(2)
03-Zn—N2 96.5(1) 03-Mn—N2 87.8(1) O5-Cu-N2  95.0(2) 05-Cu-N4  173.3(2)
03-Zn—N2 96.4(6) 03-Mn—N2 97.7(2) 0O6-Cu—N2 87.6(2) 06-Cu—N4 99.4(2)
02-Zn—-03 84.14(9) 02Mn—03 94.2(1) 02-Cu-03 86.4(2) O5-Cu—06 85.3(2)
N2—Zn—N2' 77.7(1) N2-Mn—N2' 73.7(2) N2-Cu—N4 80.6(2)
Dihedral Angles (deg)
O1N1C3- 16.11 O1N1C3 16.83 O1N1C3 33.09 O2N2C12 15.35
C1C3C5 C1C3C5 C1C3C5 Cc10C12C14
N2ZnN2— 6.50 N2MnN2— 5.89 N2CuN4- 3.40 N2CuN4- 3.17
N2C2C4 N2C2C4 N2C2C4 N4C16C18
N2ZnO2— 12.41 N2MnO2—- 13.13 N2CuO5 8.40 N2CuO2- 5.21
N2C2C4 N2C2C4 N2C2C4 N4C16C18

Figure 1. Ball-and-stick model of the crystal structure #rBroken
lines indicate short contacts of 2.36 A.

A

Cc7 lé/‘r—"-s\:— c6

Figure 3. ORTEP drawing of the molecular structure for [Cu(hfac)
4] using 50% probability ellipsoids.

molecular structure, the nitrogen atoms of the two pyridine rings
are directed to opposite sides and both planes are coplanar. The
dihedral angle between aminoxyl plane and-Bjpyridine ring
amounts to 38.9 As observed in the crystal structure of Figure

1, the molecules are aligned in the [1.1.1] direction by a distance
of 2.36 A between O(1) of the aminoxyl center and N (df

the neighboring molecule. The observed distance of 2.36 A
shorter than the van der Waals contact (3.07 A) suggests the

Figure 2. ORTEP drawing of the molecular structure for [Mn(hfac)
4] using 50% probability ellipsoids.

Results production of extremely strong antiferromagnetic interaction in
X-ray Molecular and Crystal Structures. The molecular the crystal.

and crystal structures of the metal-free ligahénd the 1:1 (B) [Mn-, Cu-, and Zn(hfac),-4]. Among the molecular

mixed-ligand complexes diM(hfac), M = Zn(ll), Mn(ll), and structures of three mixed-ligand metal complexes, [Mn(hfac)

Cu(Il)} with 4 were investigated by X-ray single-crystal analysis. 4] and [Zn(hfac)-4] have aC, symmetry axis through the
Crystallographic data and experimental parametersifand midpoint of the C(1)-C(1) bond and the metal ion, and [Cu-
[Zn-, Mn-, and Cu(hfag)4] are summarized in Table 1. Selected (hfack-4] has no symmetry axis. The NO bonds of the
bond lengths, angles, and dihedral angles for metal complexesaminoxyls are directed to each other by distances of 5.87 and
are given in Table 2. 5.82 A between O atoms for Mn and Zn complexes, respec-
The crystal packing of and the molecular structure of [Mn-  tively, while they are directed to the same direction in the Cu
and Cu(hfacy4] revealed by X-ray analysis are shown in complex. The coordination geometries of three complexes are
Figures 1, 2, and 3, respectively. distorted octahedra. As listed for bond lengths around metal
(A) Biradical 4. A metal-free ligand! has aC; symmetry at ions in Table 2, the elongation axis in [Cu(hfad] is through
the midpoint of the C(C(1) bond (Figure 1). In the O(3)—Cu—0(6), and it is assumed to bezaxis. The dihedral
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angles between the planes of the bipyridine and the aminoxyl a)
groups are 161and 16.2 for [Zn(hfac)-4], 16.8° and 16.8

for [Mn(hfac),+4], and 33.% and 15.4 for [Cu(hfac}-4]. The

crystal structures of [Mn(hfag}] and [Zn(hfac)-4] are also

similar to each other. The mixed-ligand complex molecules are

relatively separated, and the nearest contact between them is ‘
found to be 4.7 and 4.5 A of NONO in the Mn and Zn 100 200 300
complexes, respectively. On the other hand, the copper complex T (K)

has a head-to-tail dimer structure in which both planes are b)
slightly slipped with respect to each other. The average distance

between two bipyridine planes is 3.63 A, and the nearest contact

is 3.16 A between O(1) of aminoxyl and C(18) of bipyridine

ring. The dimer is separated well, and the observed structure is

close to the one for [Cu(hfagp] reported recently.

Zmor T (emusK/mol)

KXoy 7 (emueK/mol)

100 200 300
Magnetic Data and Analyses T(K)

c) = ~

(A) EPR Spectra. EPR spectra o# and [Zn(hfac)-4] in \E 6 N
toluene at room temperature showed five lines wai{f2 = 5.6 >§ 1 2‘?
and 5.1 G due to nitrogen nuclei, respectively. Their spectra in £ 0.8
frozen solution of toluene at a cryogenic temperature were N b
similar to each other. A characteristic set of fine structures with EO""/
ID/h¢| = 0.0054 and 0.0094 cm due to a triplet state were = 100 200 300
observed fodt and [Zn(hfac)-4], respectively. The signal due T(K)

to theAms = £2 transition at 168.4 mT was also observed for Figure 4. The plots ofymaT vs T for (a) [Zn(hfac)+4], (b) [Mn(hfac):

4. When the temperaturd)( was raised from 6 K, the triplet 4], and (c) [Cu(hfac)4]. The solid curves are theoretical ones as
signal intensities|] for 4 and [Zn(hfac)-4] increased, reached  described in text.

maxima at ca. 24 and 30 K, respectively, and then decreased

above these temperatures. The temperature dependence of th%cheme 1
triplet signal intensities indicates that the observed triplets are Saz J3 Sar
thermally excited states which lie above singlet ground states.
Energy differencesAEs-t) between the singlet and triplet states J; J»
are estimated to bAEs t = 76.8+ 2.2 and 96.6+ 1.4 cal/
mol (J/kg = —19.3+ 0.5 and—24.3+ 0.4 K), respectively, by Sa3
fitting the Bleaney-Bowers equation (eq 1 to the experi- . o
mentall vs 1/T plots. Sz = Su, J1 = J» = J, andJz = aJ in Scheme 1 in view of the
X-ray molecular and crystal structure.
c 1 (B-1) Biradical 4. The ymo value at 300 K for4 is 0.085
= T m (1) emuK-mol~t and extremely small compared with a theoretical

one (0.75) calculated by two isolated spins with /.. When
an intermolecular short contact (2.36 A) revealed by X-ray
(B) Paramagnetic Susceptibility MeasurementsThe molar  analysis is taken into account, the observed smajlvalue is

magnetic susceptibility data of crystalline samplegiaind its due to the strong antiferromagnetic interaction between the
metal complexes, [Zn-, Mn-, and Cu(hfae)], were obtained molecules.
on SQUID magneto/susceptometers in the temperature range (B-2) [Zn(hfac),+4]. In the ymoT Vs T plot (Figure 4a) for
2-300 K at a constant field of 5 kOe. The temperature [zn(hfac),+4], theymoT value at 300 K is 0.702 enki-mol-,
dependence of molar magnetic susceptibiliyof) for [Zn-, which is in good agreement with the theoretical op@ol =
Mn-, and Cu(hfag)4] is shown in Figure 4, panels a, b, and ¢, .75 emuK-mol?) for an isolated two-spin system wih=
respectively. The basic structures for the 1:1 metal complexesi/, As the temperature was decreased;thsT value decreased
with 4 should be described by a triangular three-spin system asgradually to nearly zero at 10 K. A two-spin model including
shown in Scheme 1, where local spins and exchange couplingthe Curie-Weiss constanté) for intermolecular interactions
parameters are denot&ii, Sno, and Sas, and J, Jp, and Js, and the fractionf] for an impurity withS = Y/, was assumed
respectively’'°Previously, the magnetic data for 1:2 complexes and eq 3 fitted to the experimental data to giles = —28.23
[Mn(hfac)-1,] and [Cu(hfac)-1,] were analyzed as a linear 4 0,03 K, = —9.58+ 0.43 K,f= 0.044 0.01, andy = 2.00

three-spin system whe, Si2, andSys = Su are aminoxyl, 4+ 0.01. The theoretical curve is represented by a solid line in
aminoxyl, and metal ion, respectively, aho= J, by symmetry Figure 4a.

andJs; = 0 by neglecting the non-neighbor interaction mediated

by the metal ior&:3 Thus the obtainegmeT vs T curves for _ Ng?BT 2 , N>
[Mn(hfac)+4] and [Cu(hfac)-4] were analyzed quantitatively XmolT = ke(T — 6) 3+ exp(-J R/kBT)\l —H+ mf
on the basis of an isosceles triangular three-spin model. For R

spin Hamiltonian 3)

_ B-3) [Mn(hfac),:4]. A ymoT value of 4.33 emK-mol~!
H=—2 + + 2 (B-3) [

IS+ SuShe + 0S50S 2) was obtained at 300 K for [Mn(hfag)i] and was already smaller
than the theoretical onfg/moT = 0.1259°S(S+ 1) = 0.125x
(15) Bleaney, B.; D. Bowers, KProc. R. Soc. Londofi952 A214 451. 2 x 2(@AY, + 1) + 5> + 1)) = 5.13 emuK-mol~1}
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calculated for two isolate8 = /, spins and on&= 5/, spin in
terms of the spin only equation. As the temperature was
decreased, thgmoT value gradually decreased, reaching a
plateau at 13 K, and rapidly decreased below 3 K. 7heT
value of 1.80 emiK-mol~! at the observed plateau is slightly
smaller than the theoretical one (1.87) calculatedSer /5.

Inorganic Chemistry, Vol. 39, No. 13, 200@895

coupling parameters in solid solution frg@/hc| = 0.0054 to
0.0094 cmlis in line with this interpretation; a mean distance
between the two unpaired electrons becomes shorter wigen
coordinated with Zn(Il) to form [Zn(hfag)4]. The exchange
coupling between two aminoxyl units through the'hyridine

ring was determined by the temperature dependence of the triplet

Equation 4 derived from an isosceles triangular three-spin modelsignal intensities in EPR spectra. Tlég value for zinc

{H=—2)(Sa1Sv + SuSa2 + aSa1Sa2)} with Sa1 = S = 1>
andSy = %, was applied and fitted to the observaghT vs T
plot for [Mn(hfac)-4] by means of a least-squares method.

2
TonolT = %[15 +52.5 exp(8y,_glkaT) +

52.5 exp((7— 2a)dy,_/ksT) + 126 exp(12y, ks
[4+ 6 exp(@y_n/ksT) + 6 exp((7— 2003y, r/ksT) +
8 exp(12y_gksT] (4)

All the symbols have their usual meaning. The best-fit param-
eters arel/ks = —19.10+ 0.20 K,o. = 1.734+ 0.02,g = 1.96

4+ 0.01, andf = -0.11 4 0.02 K, and the theoretical curve is
represented by a solid line in Figure 4b.

(B-4) [Cu(hfac)+4]. A ymoiT value of 1.22 emtK-mol~t was
obtained at 300 K for [Cu(hfag)] and is close to the theoretical
one (1.13 emtK-mol™t) calculated for three isolatefl = 1/,
spins in terms of the spin only equation. As the temperature
was decreased, thg T value gradually increased, reached a
maximum at 28 K, and rapidly decreased below 10 K. The
observed maximummo T value of 1.36 emtK-mol~tis smaller
than the theoretical one (1.87) calculated fr= 3/,. The
obtained ymoiT vs T curve for [Cu(hfacy4] was analyzed

complex [Zn(hfac)4] is —24.3 K and slightly larger in
magnitude than-19.3 for free4. The former value for [Zn-
(hfack-4] is consistent with—28.2 K obtained from the
susceptibility measurements. Strong intermolecular antiferro-
magnetic coupling did not allow us to determine fiig; value

for 4 from SQUID susceptometric measurements. Actually, a
short contact of 2.36 A between the aminoxyl centers of a
neighboring molecule was observed in the crystal structure of
4 revealed by X-ray analysis.

The dicarbené’ dinitrenel® and di(aminoxyl}° of the bi-
phenyl-3,3-diyl series are reported to have singlet ground states.
The low-spin ground states are reasoned in terms of the
tetramethyleneethane family of the non-Kekstauctures? In
other words, all belong to the disjoint system. The negakive/
ks values observed here serve as additional supports to this
interpretation. The ring nitrogen of the 2@pyridine and the
coordination with metal ions do not appear to perturb this trend.
Furthermore, the magnetic coupling between the two aminoxyls
appears to be slightly strengthened by the complexation with
metal ions.

Competing Interactions in [Mn(hfac),-4] and [Cu(hfac),

4]. The Heisenberg spin Hamiltonian (eq 2) for an isosceles
triangular three-spin mod®!° gives energy diagrams consisting
of one quartet state, two sextet states, and one octet state for

quantitatively on the basis of an isosceles triangular three-spin[Mn(hfac)-4] and two doublet states and one quartet state for

model. Equation 5 for three spins wifa; = Si, = Sy = 2
was applied and fitted to the observeg, T vs T plot for [Cu-
(hfack+4] by means of a least-squares method.

2-
%[15 + 1.5 exp(1 + 20)J,,_n/ksT) +

1.5 exp(-3Jy ke DI/[4 + 2 exp(1 + 2003y, _glkgT) +
2 exp(-3Jy r/keT)] (5)

XmoIT =

[Cu(hfac)-4]. A value of the small plateagmoT = 1.80 emu
K/mol, observed below 13 K in thgmneT vs T plot for [Mn-
(hfac)-4], clearly indicates that the ground state is a quaet (
= 3/,) and thea value in eq 4 should be less than 3.5 as
suggested in the energy diagram. Actuatly= 1.73 + 0.02
(Jr-r/ks = —32.9+ 0.3 K) was obtained together with—r/

ks = —19.14+ 0.2 K. The thermal behavior gfno T above 230

K observed in theymoT vs T plot for [Cu(hfac)-4] suggested
that ferromagnetic interaction takes place within three spins.
When thea value in eq 5 is greater than0.5, two solutions

All the symbols have their usual meaning. Two sets of the best- are possible, one below and another abave= 1. Actually,

fit parameters were (1)/kg = 73.7+ 18.7 K, = —0.33 £
0.02,g=1.97+ 0.02, andd = —4.34+ 0.18 K and (2)J/ks
=0.10+ 1.23 K,o0. = 14.94+ 1.4,g = 1.96+ 0.02, andd =
—4.21 £ 0.14 K. The theoretical curve based on set 1 is
presented by a solid curve in Figure 4c. The small valug® of

fitting of eq 5 to the experimental data for [Cu(hfad] gave
two solution setsJy-r/ks = 73.7 & 18.7 K, . = —0.33 £
0.02 gr-r/ks = —24.5+ 6.5 K) andJy-r/ks = 9.10+ 1.23
K, o = 14.9+ 1.4 Jr-r/ks = 135+ 18 K). Since thelr_r/ks
value should not be very much different from those—#8.2

suggest that the short contact between O(1) of the aminoxyl 4 0.1 K for [Zn(hfac)-4] and —32.9+ 0.3 K for [Mn(hfac):

and C(18) of the pyridine ring within a dimer revealed by X-ray
analysis is insignificant.

Discussion

Intramolecular Magnetic Couplings between Aminoxyls

in 4 and Zinc Complex. The decrease in the hyperfine coupling
with the aminoxyl nitrogen g/2) from 5.6 to 5.1 G was
observed in EPR spectra in fluid solution whewas converted
to [Zn(hfac)-4]. The trend is in agreement with a similar
decrease ofiy = 10.5 t0 9.2 G when Zn(ll) is complexed with
1, and explained in terms of the shift of the spin density from
the aminoxyl group to the pyridyl nitrogen by the electron-
withdrawing Zn(Il)1¢ The observed increase in the dipolar

(16) (a) Itoh, K.Pure Appl. Chem1978 50, 1251. (b) Teki, Y.; Takui, T.;
Kitano, M.; Itoh, K. Chem. Phys. Lett1987 142 181.

4], the former set was preferred for [Cu(hfad). Therefore,

the ground state for [Cu(hfae¥] is a quartet § = 3/5).
Comparison of the Magnetic Interactions in the Mixed-

Ligand Complexes [M(hfac)-4], [M(hfac),-3], and [M(hfac),-

1,]. The sign of the exchange couplinly—r between the

unpaired electrons of the magnetic metal ions and the aminoxyl

radicals is governed by the overlap and orthogonality of the

magnetic 3d orbital of the metal ion and the2prbital at the

coordinating nitrogen atom of the ligand. The, dnd/or ¢,

orbitals of the former are-type and can overlap with the Zp

(17) Cazianis, C. T.; Eaton, D. RCan. J. Chem1974 52, 2454.

(18) Minato, M.; Lahti, P. M.; Willigen, H. V.J. Am. Chem. S0d.993
115 4532.

(19) Watanabe, T. M.Sc. Thesis, The University of Tokyo, 1990.

(20) Borden, W. T.; lwamura, H.; Berson, J. Acc. Chem. Red.994 27,
109.
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Table 3. Magnetic Coupling Constantdy-r/ks and Jr—r/Ks),
Distances(y-n), and Dihedral Anglesb andbc for the Metal
Complexes of M(hfag)Coordinated with4, 3, and1, Respectively

4 3 1
Mn(hfac)

Ju-r/ks (K) —19.14+0.2 —20.2 —12.4

Jr-r/ks (K) —32.94+0.3

rv-n (A) 2.24 2.21 2.27

ab (deg} 17 21 1.7

bc (degy 5.9-5.7 6-5 17-15
Cu(hfac)

Ju-rlks (K) 73.7+18.7 69.4 60.4

Jr-r/ks (K) —24.54+ 6.5

rv-n (A) 1.99, 2.00 1.98 2.05

ab (deg} 33,15 16 10

bc (degy 3.5-3.2,3.73.4 3-0 25-24
Zn(hfac)

Ju-r/ks (K)

Jr-r/ke (K) —28.24+0.1 (-5.5y

(—24.3+£0.4F

rv-n (A) 2.14 2.10 2.16

ab (deg 16 19 0.7

bc (degy 7.5-5.8 5.3-1.8 19-14

aDihedral anglesab and bc are shown in Figure 3. Magnetic
coupling constant between aminoxyls through zinc fofhe value
obtained by EPR measurements.

orbital at the nitrogen. The electron pairing should lead to
antiferromagnetic interaction. When the magnetic orbital of the
metal ion is gk-2, it is orthogonal to the 2p orbital at the

nitrogen, and therefore the interaction becomes ferromaghetic.

This interpretation is in good agreement with the observed plus

sign of Jy—g in the Cu(ll) and minus sign in Mn(ll) complexes
as summarized in Table 3.

What about the magnitude of the exchange coupling? In
principle, the pr—dx overlap is considered to be dependent on
the dihedral anglec between the pyridine ring and thg plane

of the magnetic ions, and the distance between the two Orbltalsu@rough the 2,2bipyridine ring, Jr_n/ks = —32.94 0.3 and

(see Figure 5). Such an angle dependence should be less obvio
for the orthogonality of the o and dr orbitals. Furthermore,
both interactions should be dependent on thespin density

at the pyridyl nitrogen which is produced by spin polarization
of thesr-electrons by the aminoxyl radical center at position 4.
Therefore, coplanarity of the plane of the aminoxyl unit and
the pyridine ring should lead to the highest magnitude of the
Jr-m Vvalues which would decrease with the increase in the
dihedral angleab in Figure 5.

The obtained values afy-r/ks and Jr—r/ks of metal ion—
aminoxyl (M—R) and aminoxyt-aminoxyl (R-R), respectively,
through the 2,2bipyridine ring for [M(hfac}-4], distances
between N of pyridine and metal ion, and dihedral angles of
ab andbc are summarized in Table 3 together with those for
the metal complexes coordinated witrand 3.

When thely-r/ks values for [M(hfac)-4] are compared with
those for [M(hfac)-3] and [M(hfac)-1;], their magnitudes for
[M(hfac),+4] are close to those for [M(hfagB] and considerably
larger than those for [M(hfag)l,]. As listed in Table 3, bond
lengths {u-n) between the nitrogen atom of the pyridine ring
and the metal ions in [M(hfagy], [M(hfac),-3], and [M(hfac):

1,] are similar and dihedral angkeb (planesa andb in Figure

Sakane et al.

—

£< \\{;BTM/—N

b c
Figure 5. lllustrations of two parts of the dihedral angle andbcin

(A) [M(hfac)2+4] and (B) [M(hfac}-1;]; a for aminoxyl planeb for
pyridine ring, andc for plane of gy orbital of metal ion.

5) for [M(hfac)-4] and [M(hfac)-3] are even larger than the
corresponding angles for [M(hfae),]. On the other hand, the
dihedral anglesc between planels andc for [M(hfac),-4] and
[M(hfac),-3] are smaller than the ones for [M(hfagd,]. This
comparison suggested, therefore, that the magnitudes of mag-
netic coupling between the aminoxyl and the metal ion depend
not only on the dihedral angkeb but also onbc and the latter

is more effective.

N

a

Conclusion

The magnetic properties of [Mn(hfae)] and [Cu(hfac)-4]
were understood by using an isosceles triangular three-spin
model. The values of magnetic coupling between two aminoxyls

—24.5+ 6.5 K for [Mn(hfac)-4] and [Cu(hfac)-4], respec-
tively, are close to thosdr-r/ks = —19.3+ 0.5 and—28.2+

0.1 (—24.3+ 0.4) K, for4 and [Zn(hfac)-4], respectively. The
signs of the magnetic coupling-r/ks) between aminoxyl and
metal ion are the same as those for the corresponding 1:1 and
1:2 complexes witl2 and3, respectively; antiferromagntic for
manganese(ll) and ferromagnetic for copper(ll) complex. The
magnitudes of the coupling for 2;Bipyridine complexes are
larger than those for the corresponding pyridine complexes.
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