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Synthesis, Structure, and Magnetic Properties of Transition Metal Complexes of the
Nitroxide 2,5-Dihydro-4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl
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With the radical 2,5-dihydro-4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxy) & series of transition metal
complexes have been prepared: U(SbFs), with M2+ = Mn?™ (1), F&" (2), Ce?+ (3), Ni2+ (4), C/** (5), and
Zn?t (6), CuL)(CN(MeOH) (7), and Cul)SOyH,0 (8). The structures of, 3, and 6 were determined by
X-ray structural analyses. Inthese compounds the triderideteoordinated to the metal ion by the two pyridine
nitrogen donors and by the oxygen atom of the nitroxide group. Th©MNond distances are 1.25(2) A)(
1.267(13) A 8), and 1.260(11) Ag). The M—O—N angles are 117.0(19f1), 114.5(8Y (3), and 114.2(7)(6).
Crystal data: space grol®y/n, for 1, 3, and6; compoundL, a = 10.806(3) Ab = 14.101(6) A,c = 14.253(4)
A, B =108.82(2), V= 2055.7(12) R, Z = 2, R, = 0.0677, WR, = 0.1512. Compoun@, a = 10.761(4) Ab

= 14.253(6) A,c = 14.108(5) A, = 111.16(3), V = 2017.9(13) &, Z = 2, Ry = 0.0702, WR, = 0.1460;
compounds, a = 10.788(2) A,b = 14.147(3) A,c = 14.196(3) A, = 109.93(3}, V = 2036.8(7) B, z = 2,

R; = 0.0573, ik, = 0.1194. Magnetic measurementslo®, 5, and8 show strong antiferromagnetic interaction
between the spin of the metal ion and the spin of the radical which increases at lower temperatur@sheFor
magnetic moment corresponds to two noninteracting spins in the temperature rar@@06K.

units® Due to the antiferromagnetic coupling between the
radical spins and the metal spins, ferrimagnetic states were

During the last two decades, development of molecular "e@lized. _ L
magnetic materials has become a challenging field of research. ©Our Munich group was one of the first to prepare transition

Different approaches were mdde realize three-dimensional
ferro- or ferrimagnetic behavior. Miller et al. employed
metallocenium and porphyrinium salts of TCNE and TCNQ and
explained the ferromagnetic state with the McConnel Il mech-
anism?* Kahn et al. used the antiferromagnetic coupling of
Mn2+/Cw* pairs to realize one-dimensional ferrimagnetic chains

metal complexes with nitroxide€’s.Up to now, a large number

of transition metal complexes of nitroxide radicals have been
prepared:® The coordination chemistry of 2,5-dihydroimidazole
nitroxide radicals was investigated by Ovcharenko €€I?
They succeeded in generating ferromagnetic interactions be-
tween the radicals and transition metal idfs.
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Recently we described the preparation of the radical 2,5- radical. After 4 weeks dark-brown crystals were isolated: yield 37
dihydro-4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl )12 mg (66%); mp 323.5C. Anal. Calcd for GoHzNgO-CoShFy: C,
35.16; H, 3.14; N, 10.25. Found: C, 35.02; H, 3.16; N, 10.16. EPR

NS (CH;CN): g = 2.0056,ay = 13.1 G.
N |\ Synthesis of the Hexafluorantimonate Salt of Bis(2,5-dihydro-
7 4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl)nickel(ll) (4). The
N = same procedure as fdrwas followed, using NiGl After 3 weeks,
o N the product was isolated as a red-brown powder: yield 133 mg (59%);
NS

dec >310°C. Anal. Calcd for G,H3NgO:NiShF2: C, 35.17; H,
L 3.14; N, 10.25. Found: C, 35.03; H, 3.16; N, 10.11. EPR {CH):
g = 2.0077,ay = 13.4 G.

Synthesis of the Hexafluorantimonate Salt of Bis(2,5-dihydro-
4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl)copper(ll) (5). The
same procedure as fdrwas followed, using CuGl After 1 week the

and a disilver complex of this ligand was structurally
characterized'® We herein report the synthesis, the structures,
and the magnetic properties a series of transition metal

complexes with this nitroxide. product was isolated as a red-brown powder: yield 34 mg (32%); dec
. . >250°C. Anal. Calcd for GoH3aNgO.CuShF,: C, 35.01; H, 3.12;
Experimental Section N, 10.21. Found: C, 34.55; H, 3.15: N, 10.07. EPR (CN): g =
Starting Materials. The 2,5-dihydro-4,5,5-trimethyl-2,2-bis(2-  2.0067,ay = 13.9 G.
pyridyl)imidazole-1-oxyl-radical. was prepared as publish&d.All Synthesis of the Hexafluorantimonate Salt of Bis(2,5-dihydro-

other reagents and solvents were purchased from commercial sources,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl)zinc (6). Same
and used as supplied. The products were dried in vacuo (0.1 Torr) for procedure as foé was followed, using ZnGl After 2 weeks, the
4-8h. Elemental analyses were carried out with a Heraeus VT. EPR product was isolated as bright yellow crystals: yield 47 mg (32%);
spectra (X-band) were recorded on a Varian E-Line spectrometer with dec >275°C. Anal. Calcd for G,H3NgO,ZnShFi: C, 34.96; H,
a Varian E-101 microwave bridge. Magnetic measurements were 3.12: N, 10.19. Found: C, 34.59; H, 3.16; N, 9.77. EPR {CN):
carried out with 8-15 mg samples in the temperature range-800 g = 2.0066,ay = 13.5 G.
K with a Farada);] balance at (tjr:je InstiItUt fahysikalische Chemije der Synthesis of (2,5-Dihydro-4,5,5-Trimethyl-2,2-Bis(2-pyridyl)im-
Universita Mlinchen. One additional measurement was made at 4.2 . ) s ;
K. IR spectra were obtained with a Nicolet 520 FT-IR spectrometer. idazole-1-oxyldichlorocopper (7). CuCk (22.9 mg, 0.170 mmol)
Melting and decomposition points were measured on the apparatus of
Dr. Tottoli, Buchi, Germany.

Synthesis of the Hexafluorantimonate Salt of Bis(2,5-dihydro-
4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl)manganese(ll) (1).
To a solution of MnCJ (13.8 mg, 0.110 mmol) in methanol (7 mL)
was added a solution of AgSkk75.6 mg, 0.220 mmol) in 7 mL of
methanol. The mixture was boiled for 1 min, evaporated to dryness,
and extracted with methanol (10 mL). AgCl was centrifuged off and

dissolved in methanol (10 mL) was treated with a solutioh ¢96.1

mg, 0.342 mmol) in methanol (5 mL). The mixture was stirred for 2

h and layered with diethyl ether. After 4 d, bright green plates and
dark green crystals had precipitated. Both showed identical IR spectra
and elemental analyses. Yield 48 mg (64%); mp-1599.5°C dec.
Anal. Calcd for GeH1/N4OCuCh-CH;OH: C, 45.59; H, 4.72; N, 12.51.
Found: C, 45.56; H, 4.52; N, 12.83. IR (KBr): 3448 m (OH), br,
1637 vs (C=N), 1599 s (py), 1463 vs, 1442 s, 1383 s, 1161 s, 1057 s,

the solution of Mn(SbEj, was dropped into a solution of 2,5-dihydro- %ggzss(’clﬁ;?)sc’;ls S, 770s,7625,680s,675s, 6485, 6125, 308 5,
4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl (62.8 mg, 0.220 } ’ ) ] ]
mmol) in methanol (10 mL). After 2 d, the yellow-brown crystals were  Synthesis of (Sulfato)(2,5-dihydro-4,5,5-trimethyl-2,2-bis(2-pyr-
separated from the mother liquor, washed with a small amount of idyl)imidazole-1-oxyl)copper(Il) Hemihydrate (8). A solution ofL
methanol, and dried in vacuo: yield 39 mg (33%); ¢e240°C. Anal. (104 mg, 0.370 mmol) in methanol (4 mL) was added to a solution of
Calcd for GoHzNgO.MnShF12: C, 35.29: H, 3.15: N, 10.29. Found:  CuSQ-5H;0 (92.4 mg, 0.370 mmol) in methanol (5 mL). The mixture
C, 35.29; H, 3.25; N, 10.23. IR (KBr): 1647 vs#N), 1600 vs (py), was stirred for 1 d, methanol was removed in vacuo, and the residue
1579 m, 1479 s, 1467 vs, 1444 vs, 1383 s, 1158 s, 1057 s, 1019 vs,was treated with boiling acetonitrile. A yellow-green precipitate was
787s, 774 vs, 760 s, 402 s, 289 vs BmEPR (CHCN): g = 2.0064, separated from the dark green solution. Small dark green crystals
ay = 13.6 G. formed from the solution witlm 1 d and were collected, washed with
Synthesis of the Hexafluorantimonate Salt of Bis(2,5-dihydro- a small amount of acetonitrile, and dried in vacuo: yield 68 mg (41%).
4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl)iron(ll) (2). The Anal. Calcd for GeH17N4OCuSQ-"/.H;O: C, 42.71; H, 4.03; N, 12.45.
same procedure as fdrwas followed, using Fe@l After 3 d, the Found: C, 42.64; H, 3.92; N, 12.27. IR (KBr): 3524 m, 3480 m,
product was isolated as a dark green powder: yield 125 mg (67%); 3405 m (OH), 1641 s (€N), 1602 s (py), 1217 s, 1147 vs, 1129 vs,

dec >255°C. Anal. Calcd for G,H34NgO.FeShF,: C, 35.26; H, 1122 vs, 1055 s, 1032 s, 977 s (§O¥79 s, 676 s, 618 s, 284 s, 275
3.14; N, 10.28. Found: C, 35.15; H, 3.14; N, 10.08. scnTl
Synthesis of the Hexafluorantimonate Salt of Bis(2,5-dihydro- Crystal Structure Determinations. The crystal structures were

4,5,5-trimethyl-2,2-bis(2-pyridyl)imidazole-1-oxyl)cobalt(ll) (3). The determined using a SYNTEX R3 diffractometer, using Mokédiation
same procedure as farwas followed, using CoGland acetonitrile as  and a graphite monochromator. The structures were solved with
solvent. Diethyl ether was added to the mixture of Cofgb&nd the SHELXS 86 by the Patterson method and refined with SHELXL 93-
PC on a Compaq PC with a 486 processor on a 66 MHz/8 MB RAM.
(10) (a) Vostrikova, K. E.; Ovcharenko, V. I.; Romanenko, G. V.; Ikorskii,  This program uses full-matrix least-squares refinemerf%teading

V. N.; Podberezkaya, N. V.; Reznikov, V. A.; Volodarskii, L. Buss. ; : :
3. Inorg. Chem(Engl. Transl.)1992 37. 896905, (b) Ovcharenko, to Rvalues (WRy) different from those from the conventional refinement

V. I.; Ikorskii, V. N.; Romanenko, G. V.: Reznikov, V. A.; Volodarsky, ~ ©" F (Ry). All atoms except hydrogen were refined anisotropically,

L. B. Inorg. Chim. Acta1991, 187, 67—72. (c) Ikorskii, V. N.; while the hydrogen atoms were refined isotropically with a temperature
Ovcharenko, V. |.; Vostrikova, K. E.; Pervukhina, N. V.; Pod- factor calculated by multiplication of tHdeqvalue of the corresponding
berezskaya, N. VRuss. J. Inorg. Chem(Engl. Transl.)1992 37, carbon atom with a factor between 1.2 and 1.5 and with a fixed

593-596. (d) Ovcharenko, V. I.; Vostrikova, K. E.; Romanenko, G.

V.; Ikorskkii, V. N.; Podberezskaya, N. V.; Larionov, S. YDokl. geometry using a riding model.

Akad. Nauk SSSF989 306, 115. (€) Ovcharenko, V. I.; Vostrikova, The three compounds all crystallize in space gréagn, with the
K. E.; Ikorskkii, V. N.; Romanenko, G. V.; Ikorskkii, V. N.; metal atoms residing on the inversion center at (0, 0, 0.5). The"SbF
Podberezskaya, N. V.; Larionov, S. \zv. Akad. Nauk SSSRSer. anions always show substantial disorder. This was modeled by

(11) 'é?)iﬂinlé?r?]ggf'lz - Volodarsky, L. B.: Polborn, K.; Beck, iebigs introducing the restraint of assuming a regular octahedron, keeping as

Ann. Chem1995 2189-2194. (b) Hintermaier, F.; Mihan, S.; Gerdan well all Sb—F and all FF cis distances within certain limits, and
M.: Schimemann, V. Trautwein, A.: Beck, Wohem. Ber1996 129, refining the site occupation factors, which turned out to be not far from

571-573. 0.50.
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Table 1. Crystal Data and Structure Refinement 3.100 1 py
1 3 6 o
empirical C32H34F12Mn— C32H34COF12- C32H34F12- 2.720 o
formula NgOszz NgOszz NgOszzZn o
fw 1089.11 1093.10 1099.54 o
space group P2i/n (No. 14) P2)/n(No. 14) P2/n(No. 14) 2.340 4
a, 10.806(3) 10.761(4) 10.788(2) i o
b, A 14.101(6) 14.253(6) 14.147(3)
c, A 14.253(4) 14.108(5) 14.196(3) o
B, deg 108.82(2) 2017.9(13) 2036.8(7) 1.960 - a
v, A3 2055.7(12) 2017.9(13) 2036.8(7) 0°
Z 2 2 2
d(calc), gcm?®  1.760 1.799 1.793 1.590
abs coeff, mm! 1.702 1.831 1.996
final Rindices R, =0.0677 R, =0.0702, R;=0.0573 o K
[l > 20(1)] WR,=0.1512 wR,=0.1460 wR,=0.1194 1.200 - T + T )
ARy = 3 ||Fol — |Fell/}|Fol; WRe = [S[W(Fo? — F&)2/ 3 [W(Fo)?] 2 0.0 60.0 120.0 190.0 240.0 300.0
1= ol — |Fc oly WR2 = W(Fo® — k¢ W(Fo , . .
with w = 1i0?(F&?) + (0.0600P)2 + 0.1%, whereP = (Max(Fc2,0) + Figure 2. Magnetic moment o6 vs temperature.
2
2R3 5.000 1y
4.600 - a
[=]
Qa
4.200 o
=]
o
3.900
(o]
3.400
K
3-m T T L T 1
Figure 1. Molecular structure of. The structures ofl and 3 are 0.0 60.0 120.0 190.0 240.0 300.0
practically identical with that of. Figure 3. Magnetic moment ofl vs temperature.
Results and Discussion Table 2. Selected Bond Lengths (A) fdr, 3, and6
The reactions of in situ prepared solutions of hexafluoroan- 1 3 6
timonate salts (from MGland AgSbk) of Mn(ll), Fe(ll), Co- N1—-01 1.25(2) 1.267(13) 1.260(11)
(11, Nil1), Cu(ll), and Zn(ll) with the nitroxide radical in N1-C3 1.50(2) 1.47(2) 1.467(14)
methanol or acetonitrile gave the complexest: N1-C6 1.46(2) 1.48(2) 1.483(14)
M—-01 2.149(11) 2.104(10) 2.152(8)
2+ - M—N3 2.226(14) 2.091(11) 2.141(9)
MSbFgy+2L = [MLI™(SbFgTp M—N4 2.207(14) 2.056(12) 2.101(9)
N2—C4 1.24(2) 1.26(2) 1.26(2)

M Mn Co Ni Cu Zn

Fe

1 2 3 4 5 6

From CuC} or CuSQ and the nitroxideL the complexes/
and8 were obtained:

Cu(L)(Cl),»CH,OH Cu(L)SO,,H,0
7 8

Structures (Figure 1). The X-ray structural determinations
of 1, 3, and6 show that two tridendate nitroxide ligantsare
coordinated through the two pyridine N atoms and the oxygen
atom of the nitroxide group. This coordination gives less
strained six-membered chelate rings compared to five-membere
rings, which would arise by coordination of the imidazoline N
atom. The two O donors of both nitroxide groups arérans
positions.

Six-membered chelate complexes with coordination of the
nitroxide O atom and the pyridine N atom of 2-pyridyl-
substituted nitronyl nitroxides have been previously reported
by GattescH? and Luneau et ag

The pyridine N atorr-metal distances decrease in the order
Mn(Il) > Zn(ll) > Co(ll), which corresponds to the change of

the ionic radii’* The O-metal bond lengths vary to a much
lesser extent, which may be due to the weak donor strength of
the nitroxide groug® In accordance with this finding, the-NO
distances of the coordinated nitroxide group (:227 A) do

not differ remarkably from that of free nitroxidé$.

The angles around the N atom of the nitroxide group
correspond to a N atom. This and the NO bond lengths
show that the BN—O ligand is not a hydroxylaminate (expected
N—O bond length~1.39 A). Therefore, the formal oxidation
state of the metal ig-Il. The O—M distance of 2.16-2.15 A
and the angle of-115’ are found also in other nitroxide metal
complexes’ The imidazoline ring inl, 3, and 6 is nearly

d

(12) (a) Luneau, D.; Risoan, G.; Rey, P.; Grand, A.; Caneschi, A.; Gatteschi,
D.; Laugier, J.norg. Chem.1993 32, 5616-5622. (b) Benelli, C;
Caneschi, A.; Gatteschi, D.; Pardi, Inorg. Chem.1992 31, 741~
746.

(13) Luneau, D.; Laugier, J.; Rey, P.; Ulrich, G.; Ziessel, R.; Legoll, P;
Drillon, M. J. Chem. Soc., Chem. Commadn94 741-742.

(14) Cotton, F. A.; Wilkinson, GAnorganische Chemjelth ed.; Verlag
Chemie: Weinheim, Germany, 1985.

(15) (a) Lim, Y. Y.; Drago, R. SJ. Am. Chem. Sod.971 93, 891-894.

(b) Lim, Y. Y,; Drago, R. S.Inorg. Chem.1972 11, 1334-1338.

Romanenko, G. V.; Podbereszkaya, N. V.; Pervukhina, N. 8truct.

Chem. USSR (Engl. Translp93 34, 440.

(16)
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2.100 4 by of a nitroxide radical with a Cii ion is antiferro- or ferromag-
netic depends on the structure of the compfex.

For the manganese(ll) compléxu = 4.59u at 291 K and
1.760 4 a 3.69up at 4 K (Figure 3). The expected spin-only values are
6.40ug (high-spin & Mn(Il) and independent spirS= 5/, +
2Y,) and 3.87ug (spin couplingS= 3/,). The observed values
show strong antiferromagnetic interaction between Mn(Il) and
the radicals even at room temperature, which is observed with
1.090 | o all known manganese(ll) complexes of nitroxide8.

o e Only a few iron complexes with nitroxide radicals are
known?2% The iron complexX2 gave a magnetic moment=

0.740 - 1.81up at 293 K, which decreases to uf at 60 K (Figure 4).

o We assume that iron has the oxidation statkand is low spin

0.400 K dé (S = 0). Due to the orbital symmetry, there could be

0.0 60.0 120.0 190.0 240.0 300.0 significant overlap between thet orbitals of the nitroxides in

which the unpaired electron resides with the entty-2 orbital

of Fe¢*. The latter could function as a pathway for coupling

1.420 o

Figure 4. Magnetic moment of vs temperature.

Table 3. Selected Bond Angles (deg) af 3, and6 of the spins.

1 3 6 The Cu(ll) complexed and8 of unknown structure show at
Co-N1—OL 1255(13) 124.3(10) 122.99) roorg tel'rppherature a n:jagtnet;[ll\;: mometnt oft%éﬁ) an?h2.4lt' |
C3-N1-0O1 123(2) 123.6(12) 123.8(11) ug (8) which corresponds to two noninteracting splns( eoretical
C3-N1-C6 110.5(14) 111.2(11) 110.6(10) 2.45u8). Below 60 K (7) and 190 K @), respectively, strong
N1-01-M 117.0(10) 114.5(8) 114.2(7) antiferromagnetic coupling is observed @ K, 1.35ug; 8, 4
C7-N3—-M 121.2(11) 119.2(10) 119.6(8) K, 0.4ug). For8, the SQ absorptions in the IR spectra indicate
C12-N4-M 120.1(12) 120.4(10) 120.0(8) that the sulfate ion is coordinated to the mdtgsee Experi-
0O1-M—N3 83.2(5) 86.6(4) 85.4(4) mental Section)
01-M—N4 83.9(5) 88.0(4) 86.6(4) .

N3—M—N4 81.5(5) 84.9(5) 84.9(4) EPR Spectra. The EPR spectra df, 3, 4, and5 in CHCN
show a triplet which has to be attributed to the uncomplexed

planar. The &N bond lengths are shortened to 1.24 and 1.26 "adical’* The EPR spectra df and6 show a triplet with two
A in comparison to those of free 2,5-dihydroimidazole-1-o%yls. ~ additional lines in very diluted C4CN solutions, while in more

In the range 3000700 cni! the IR spectra ofl—6 are concentrgteq solutions five 'Iines are observed. A possible
identical: the same structure can be assumed for all these€xplanation is that the coordinated nitroxide group is partially
complexes. substitute_o! by Ct_;CN and the EPR pattern appears as a

Magnetic Properties. The zinc(ll) complex6 exhibits in superposition of signals for free and coordinated ligands.
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the nitroxide radicals. In contrast to the case of MONOM&NIC  ,arameters, bond lengths and angles, and thermal parametérssfor
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coupled radicalsteb K and an effective magnetic moment of

0.63 .18 1C951345Z
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f . . : . ransl. 2 — . arayannis, N. \l.; Paleos, C. \M.;
intermolecular interactions may occur. Whether the interaction Mikulski, C. M- Pytlewski, L. L.: Blum, H.. Labes M. Minorg. Chim.
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