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The reaction of Cu(hfac), with hydroxylamines RLH (RLH = 1-hydroxy-2,2,5,5-tetramethyl-4-R-3-imidazoline; R = Me, Et,
i-Pr, Ph) in inert atmosphere on heating gives rise to the partial reduction of Cu(1I) to Cu(I) and yields mixed-ligand mixed-valent
complexes of the composition Cu,(hfac);(RL), (RL = the 2,2,5,5-tetramethyl-4-R-3-imidazolinyl-1-oxyl nitroxide; R = Me, Et,
i-Pr, Ph). The reaction of Cu(hfac), with RLH in inert atmosphere at ambient temperature yields Cu(hfac),(RLH). Cu-
(hfac),(MeL) and [Cu(hfac),]5(RL); (R = Et, i-Pr, Ph) complexes are formed by the reaction of these reagents in air. The X-ray
diffraction study of catena-poly{[bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)copper(11)]-u-(4-ethyl-2,2,5,5-tetramethyl-3-
imidazolinyl-1-oxyl-0:N%)[(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)copper(I)]-u-(4-ethyl-2,2,5,5-tetramethyl- 3-imidazolinyl-
l-oyxl-N’:O)} (monoclinic, space group P2,/c, a = 9.056 (3) A, b = 19.622 (6) A, ¢ = 26.029 (6) A, 8 = 100.48 (2)°, V = 4548
(2) A3, Z = 4) has shown that the compound has polymeric structure with the alternation of Cu(hfac) and Cu(hfac), fragments
bridged by EtL. The O atoms of EtL are coordinated to Cu2* ions, while the imine N atoms of EtL are coordinated to Cu* ions.
Experimental dependence u q(7) analysis for Cu,(hfac);(RL), has shown that the exchange interaction in tricentered exchange
clusters N~O—Cu?*-O=«N is ferromagnetic (J = 7.5-25.5 cm™), while intercluster exchange interaction is antiferromagnetic (J’z

= -0.06 to -2.72 cm™).

Introduction

Transition-metal complexes with stable nitroxyl radicals are
of significant interest today.»* The reason for this, on the one
hand, is the possibility of the design of new types of magnetic
materials.* The most promising results have been achieved with
nickel, cobalt, and manganese mixed-ligand compounds.®® On
the other hand, mixed-ligand copper complexes with nitroxides
are widely used as model systems for investigations of exchange
interactions between copper and nitroxide odd electrons, providing
a good basis for magneto-structural correlations.'%!! In the course
of our investigation of mixed-ligand copper complexes with 3-
imidazoline nitroxides it has been revealed that the reaction of
bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)copper(II), Cu-
(hfac),, with sterically hindered 3-imidazoling hydroxylamine
derivatives gives a new type of mixed-ligand complex of general
composition Cu,(hfac);(RL),.!? This contribution describes the
synthesis of these compounds and the results of our investigation
of their structure and magnetic properties.

(1) (a) Institute of Inorganic Chemistry. (b) Institute of Organic Chem-
istry.

(2) Eaton, J. R.; Eaton, S. S, Coord. Chem. Rev. 1988, 83, 29-72 and
references therein,

(3) Larionov, S. V. In Imidazoline Nitroxides; Volodarsky, L. B., Ed.; CRC
Press, Inc.: Boca Raton, FL, 1988; Vol. 2, pp 81-113 and references
therein.

(4) Caneschi, A.; Gatteschi, D.; Sessoli, R. Acc. Chem. Res. 1989, 22,
392-398,

(5) Ovcharenko, V. I.; Vostrikova, K. E.; Ikorski, V. N.; Romanenko, G.
V., Podberezskaya, N, V.; Larionov, S. V.; Sagdeev, R. Z. Sintez,
struktura { magnitnie svoistva nizkotemperaturnikh ferromagnetikov
na osnove kompleksov Ni(II) i Co(Il) s imidazolinovim nitroksilnim
radikalom; Institute of Inorganic Chemistry: Novosibirsk, USSR, 1989;
Preprint 89-2.

(6) Ovcharenko, V. I.; Vostrikova, K. E.; Romanenko, G. V.; Ikorski, V.
N.; Podberezskaya, N. V.; Larionov, S. V. Dokl. Akad. Nauk SSSR
1989, 306 (1), 115-118.

(7) Ovcharenko, V. L; Vostrikova, K. E.; Ikorski, V. N.; Larionov, S. V.;
Sagdeev, R. Z. Dokl. Akad. Nauk SSSR 1989, 306 (3), 660—662.

(8) Caneschi, A.; Gatteschi, D.; Renard, J. P.; Rey, P.; Sessoly, R. J. J. Am.
Chem. Soc. 1989, 111, 785.

(9) Caneschi, A.; Gatteschi, D.; Renard, J. P.; Rey, P.; Sessoli, R. /norg.
Chem. 1989, 28, 3314-3319.

(10) Caneschi, A.; Gatteschi, D.; Grand, A.; Laugier, J.; Pardi, L.; Rey, P.
Inorg. Chem. 1988, 27, 1031-1035.

(11) Ovcharenko, V. I.; Gel’man, A. B.; Ikorski, V. N. Zh. Strukt. Khim.
1989, 30 (5), 142-164.

(12) Burdukov, A. B.; Ovcharenko, V. 1.; Ikorski, V. N.; Larionov, S. V.;
Volodarsky, L. B. /zv. Akad. Nauk SSSR, Ser. Khim. 1988, 7, 1693,

R R
=N fN
>Z'T)< 'f-)<
OH 0
RLH RL

R = Me, Et, i-Pr, Ph

Experimental Section

Cu(hfac),nH,0 (n < 2) was sublimed prior to use. The ligands RLH
and RL were prepared by conventional methods.!* Organic solvents
were distilled and dried over CaCl, before use. The syntheses of Cu-
(hfac);(RLH), Cu,(hfac);(RL),; and Cu(hfac)(MeLH), were carried
out in an argon atmosphere.

Synthesis of the Complexes. Cu,(hfac);(RL),. A 25-mL amount (150
mL in the case of PhLH) of heptane was added to equimolar mixture of
Cu(hfac), and RLH (1.5-2.0 mmol for both). The mixture was heated
with periodical shaking until the reagents dissolved. In the case of the
reaction with PhLH, the solution was heated at 80 °C for an additional
1.5 h. The reaction mixture was reduced in volume by argon stream
nearly to dryness. After addition of 10 mL of hexane to the residue, the
solution was heated to boiling and hexane was added until complete
dissolution of the precipitate. The green solution formed was cooled to
0to-10°C. After 2 h the mother solution was drained from the yellow
crystals formed and they were washed with cold hexane by decantation.
The product was recrystallized from hexane in an argon atmosphere and
dried in vacuum. The other complexes were dried in the same manner.
During the Cu,(hfac);(PhL), preparation the concentration of each of
the starting reagents must be less than 3 X 10~ mol/L or [Cu-
(hfac),]3(PhL), will precipitate simultaneously with Cu,(hfac);(PhL),.
Cu,(hfac);(MeL),: yield 50%; mp 105-107 °C dec. (The synthesis of
this compound was reported earlier.'¥) Cu,(hfac);(EtL),: yield 60%;
mp 135-138 °C dec. Cuy(hfac);(i-PrL),: yield 70%; mp 99-102 °C dec.
Cu,(hfac);(PhL),: yield 50%; mp 96~98 °C dec.

Cu(hbfac),(MeLH). The mixture of Cu(hfac), (1.2 mmol), MeLH
(1.2 mmol), and 50 mL of hexane was stirred at ambient temperature
until complete dissolution of the reagents. The solution was filtered,
reduced to one-third of its original volume, and cooled to —10 °C. After
1-2 h, a bright green precipitate of the complex was filtered out and
washed with cold hexane: yield 70%; mp 80-82 °C dec. The other
Cu(hfac),(RLH) precipitates were treated in the same manner.

Cu(hfac),(i-PrLH). A mixture of Cu(hfac), (0.7 mmol), i-PrLH (0.7
mmol), and 25 mL of hexane was stirred at room temperature until
dissolution of the reagents. The solution was filtered and cooled to ~15
°C. After 3 h, a dark green complex precipitate was filtered out: yield
70%; mp 71-73.5 °C dec.
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Table I. Crystallographic Data for Cuy(hfac);(EtL),
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Table II. Positional Parameters (X10*) for Cu,(hfac)(EtL),

chem formula Cu,Cy3H3;F1sN,Og space group P2,/c
a =905 (3) A T=25°C
b=19.622(6) A A=0710734

¢ = 26029 (6) A Pavent” = 1.58 (1) geem™

8 = 100.48 (2)° Peacd = 1.58 grem™
V = 4548 (2) A? g = 10.49 cm™
Z=4 R(F)) = 0076

fw 1086 Ru(F,) = 0.084

9Measured by flotation in KI water solution.

Cu(hfac),(PhLH). A mixture of Cu(hfac); (1 mmol), PhLH (1
mmol), and 100 mL of hexane was stirred at room temperature for 1 h.
Then the reaction mixture was warmed for dissolution of the precipitate
formed, and the solution was filtered. The filtrate was reduced in volume
nearly to dryness, and a light green precipitate was filtered out: yield
80%; mp 98-100 °C dec.

[Cu(hfac),];(RL), (R = Et, i-Pr). (The analogous compound with
PhL was reported earlier.!*) A mixture of RL (0.6 mmol) and Cu(hfac),
(1 mmol) was dissolved in an as small as possible volume of boiling
hexane; the solution was filtered and cooled to -15 °C. After 2h (R =
Et) or 12 h (R = i-Pr) a green complex precipitate was recrystallized
from hexane: yield 50%. [Cu(hfac),];(EtL),: mp 108-111 °C. [Cu-
(hfac),]5(i-PrL);: mp 123-125 °C.

Cu(hfac)(MeLH),. A mixture of Cu(hfac), (0.2 mmol), MeLH (0.6
mmol), and 15 mL of hexane was heated to 70 °C, and then hexane was
added with periodical shaking until complete dissolution of the reagents.
The yellow-green solution formed was cooled to ambient temperature and
reduced to one-fourth of its original volume by a stream of argon. The
mother solution was drained from the red crystals precipitated, and the
precipitate was washed twice with hexane by decantation: yield 50%; mp
68-71 °C dec.

All new compounds give satisfactory elemental analysis (supplemen-
tary material, Table 1). Cu,(hfac);(RL),, [Cu(hfac),];(RL),, and Cu-
(hfac),(PhLH) are stable under usual conditions; Cu(hfac),(MeLH) and
Cu(hfac),(i-PrLH) do not change their properties during several months
of being stored in a refrigerator.

Magnetic Susceptibility Measurements. Magneti¢ susceptibility was
measured by Faraday’s method in the 4.2-300 K temperature range.
Diamagnetic corrections were taken with Pascal’s constants. Cu(IT) TIP
was taken equal to 60 X 107 cm?® mol™!.

X-ray Data Collection, Structure Solution, and Refinement. Single
crystals of Cu,(hfac);(EtL),, suitable for X-ray investigation, were ob-
tained by slowly passing Ar over a pentane solution of the complex. The
X-ray diffraction data for the crystal structure determination were
measured by using a single crystal 0.40 X 0.12 X 0.65 mm in size and
were collected on an automated Syntex P2, diffractometer by standard
method (#/20 scanning with varying speed, vy, = 5°/min, graphite
monochromator, 20, = 45°, absorption correction not performed). The
details of the X-ray diffraction study are summarized in Table I. The
structure was solved by the heavy-metal method; three independent
copper atom coordinates were determined from a three-dimensional
Patterson summation (R = 0.420), and the other atoms were determined
by Fourier and difference Fourier methods. Calculations were performed
by using the YANX package!é to yield R = 0.076 (R, = 0.084), atomic
scattering factors being taken from ref 17. Atom positional parameters
are listed in Table 1. Mass spectrometry experiments were performed
with an MX-1310 spectrometer.

Results and Discussion

Synthesis and Characterization of the Complexes. The reaction
of Cu(hfac), with RLH in an argon atmosphere at room tem-
perature in hexane (heptane) yields Cu(hfac),(RLH) complexes.
The presence of the RLH hydroxylamine group in these com-
pounds is confirmed by the observation of the »(OH) band in IR
spectra of the complexes at 3300 cm™. Room-temperature
magnetic moments of these compounds, equal to 1.78 up (R =
Me), 1.75 ug (R = i-Pr), and 1.79 ug (R = Ph), are in good accord
with expected ones for complexes with one electron localized at
the Cu(II) ion.

(15) Ovcharenko, V. I.; Ikorski, V. N.; Pervukhina, N. V.; Podberezskaya,
N. V. Zh. Neorg. Khim. 1987, 32, 1403-1406.

(16) Gerr, R. G.; Yanovski, L. L; Struchkov, Yu. T. Kristallographiya 1983,
28, 1029-1030.

(17) International Tables for X-ray Crystallography; Kynoch: Birmingham,
England, 1974; Vol. 1V, pp 99, 149.

atom x y z
Cu(1) 0 0 500
Cu(2) 2607 (2) 753 (1) 2436 (1)
Cu(3) 500 0 0
o(1) 1211 (12) 737 (5) 5355 (4)
0(2) -1551 (12) 615 (5) #652 (4)
c(1) 942 (18) 1356 (8) 5250 (7)
cQ@) -278 (19) 1639 (8) 4905 (7)
C(3) ' -1388 (16) 1236 (8) 4657 (5)
C(4) -2679 (23) 1593 (9) 4346 (8)
F(1) -2548 (16) 2256 (6) 4255 (6)
F(2) -3884 (14) 1586 (6) 4590 (6)
F(3) -3245 (16) 1310 (6) 3897 (5)
c(5) 2064 (33) 1853 (12) 5517 (13)
F(4) 3323 (23) 1784 (10) 5303 (11)
F(5) 2756 (24) 1638 (8) 5985 (7)
F(6) 1812 (19) 2449 (6) 5486 (9)
0(3) 4600 (11) 1359 (5) 2526 (4)
0(4) 1389 (12) 1676 (5) 2329 (4)
c(6) 1939 (22) 2270 (9) 2330 (7)
c(7) 3461 (26) 2466 (9) 2395 (7)
C(8) 4631 (19) 1997 (9) 2493 (6)
c(9) 819 (34) 2828 (14) 2261 (14)
C(10) 6171 (25) 2293 (12) 2542 (12)
F(7) 1259 (15) 3433 (6) 2197 (8)
F(8) 49 (19) 2836 (8) 2656 (9)
F(9) -276 (22) 2710 (8) 1872 (8)
F(10) 7225 (17) 1941 (9) 2689 (13)
F(11) 6447 (19) 2787 (13) 2839 (10)
F(12) 6422 (18) 2618 (14) 2153 (9)
o(5) 4001 (10) 691 (4) -473 (3)
0(6) 6218 (11) 672 (4) 431 (3)
c(11) 6203 (18) 1306 (7) 318 (6)
C(12) 5354 (18) 1643 (6) -96 (7)
c(13) 4373 (19) 1303 (7) -459 (6)
c(14) 7413 (31) 1701 (12) 732 (9)
c(15) 3541 (30) 1720 (10) -914 (11)
F(13) 6955 (43) 1680 (18) 1167 (12)
F(14) 7595 (43) 2300 (16) 574 (14)
F(15) 8729 (53) 1478 (19) 767 (24)
F(16) 4117 (16) 2266 (7) -1004 (6)
F(17) 2199 (22) 1886 (10) -830 (9)
F(18) 3147 (33) 1394 (7) -1338 (7)
o(7) 1374 (18) 248 (7) 4321 (5)
N(1) 2562 (14) 368 (6) 3133 (4)
N(2) 1932 (16) 161 (7) 3917 (4)
c(16) 3100 (19) -348 (7) 3869 (5)
c(17) 3343 (18) -127 (8) 3344 (5)
c(18) 1610 (16) 637 (8) 3485 (5)
c(19) 4462 (23) -261 (11) 4317 (6)
C(20) 2343 (29) -1059 (9) 3866 (8)
c@l) 4465 (19) -538 (8) 3076 (6)
C(22) 6006 (23) -191 (10) 3151 (10)
C(23) -69 (17) 625 (11) 3218 (7)
C(24) 2143 (21) 1361 (8) 3641 (6)
C(24) 2143 (21) 1361 (8) 3641 (6)
0(8) 2898 (11) -40 (6) 480 (4)
N(3) 2287 (12) 280 (5) 1750 (4)
N(4) 2533 (13) -36 (6) 926 (4)
c@25) 1296 (16) -468 (6) 1060 (5)
C(26) 1297 (16) -181 (6) 1593 (5)
c@27) 3211 (16) 428 (6) 1355 (5)
C(28) 1832 (22) -1226 (8) 1078 (7)
C(29) -166 (17) -342 (10) 661 (6)
C(30) 188 (18) -423 (7) 1915 (6)
c(3l)  -1201 (19) 58 (11) 1849 (7)
C(32) 4849 (16) 258 (9) 1553 (6)
c(33) 2934 (18) 1182 (7) 1169 (6)

On heating of the mixture in a stream of argon, the reaction
of Cu(hfac), with RLH is accompanied by Hhfac evolution. After
solvent removal subsequent recrystallization of the product yields
Cu,(hfac);(RL),. Cu,(hfac),(EtL), formation takes place so fast
even at room temperature that we failed to isolate any individual
complex of Cu(hfac), with EtLH. Cu,(hfac);(RL), compounds
are also formed on heating of Cu(hfac),(RLH) solutions in hexane
(heptane) in argon flow. The stoichiometry of this process was
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Figure 1. Fragment of the Cu,(hfac);(EtL), structure.

investigated with Cu(hfac),(MeLH). After heating of Cu-
(hfac),(MeLH) solution and the solvent removal, a yellow
crystalline product was obtained, which was identified as somewhat
impure Cu,(hfac);(MeL), (about 90% purity according to mag-
netic susceptibility data). Such a high yield provides a good basis
to suppose that the reaction may be written as

2Cu(hfac),(MeLH) = Cuy(hfac);(MeL), + Hhfac + “H”

To check whether Hhfac does evolve, the argon, passing over the
reaction mixture, was trapped with a water—ethanol solution of
copper(Il) acetate. Then the trap solution was extracted with
CHCI,, and the extract was evaporated to dryness. The residue
contained Cu(hfac), according to mass spectrometry data; no ions
corresponding to Hhfac reduction products were registered. Thus,
Hhfac does evolve and the products of a Hhfac conversion, if any,
are not trapped by the described procedure. Without the taking
into account of any possible transformation of Hhfac, there must
be the weight lost in the course of the reaction, equal to the weight
of Hhfac evolved. The measurements have shown that this dif-
ference occurs and corresponds rigorously to the value derived
from the suggested equation. Thus, this equation is true for the
solid products; the question if “H” is molecular hydrogen or
whether some Hhfac reduction products are formed needs further
investigation.

It is noteworthy that at the early stage of Cu,(hfac),(RL),
preparation the formation of red crystals is often observed, these
crystals disappearing in the course of the reaction. When the
reaction of Cu(hfac), is carried out with an excess of MeLH, the
crystals were successfully isolated. This material is diamagnetic,
has an intensive »(OH) band in the IR spectrum at 3300 cm™',
and according to the elemental analysis has the composition
Cu(hfac)(MeLH),. The IR spectrum of the red crystals forming
during Cu,(hfac),(MeL), synthesis appeared to be identical with
that of Cu(hfac)(MeLH),. One can assume that the species of
Cu(hfac)L, stoichiometry (L. = RLH, RL) are the intermediate
products in the process of Cu,(hfac);(RL), formation (see also
the description of the structure of Cu,(hfac),(EtL),).

Prolonged heating (T = 60 °C) of Cu(hfac);(RLH) (R = Me,
i-Pr, Ph) in inert atmosphere or under vacuum is accompanied
by the transformation Cu(hfac),(RLH) — Cu,(hfac);(RL),.
Solid-phase transformation of Cu(hfac),(MeLH) to Cu,-
(hfac),(MeL), proceeds over a period of months at room tem-
perature in air atmosphere. Cu,(hfac);(RL), forming on vacuum
heating of Cu(hfac),(RLH) is volatile under experimental con-
ditions for R = Me and i-Pr, while Cu,(hfac);(PhL), under the
same conditions decomposes to form volatile [Cu(hfac),);(PhL),.

The reaction of Cu(hfac), with RLH in hexane in air atmo-
sphere is accompanied by catalytic oxidation of RLH into RL
by oxygen,'* and [Cu(hfac),];(RL), (R = Et, i-Pr, Ph) and
Cu(hfac);(MeL) complexes are precipitated. The same com-

Table ITI. Selected Bond Lengths (A) and Angles (deg) for
CUz(hfaC)J(EtL)z

Bond Lenghts

Cu(1)-0(1) 1.944 (9) Cu(1)-0(2) 1.946 (9)
Cu(1)-0(7) 2.389 (15) Cu(2)-0(3) 2.138 (10)
Cu(2)-0(4) 2.113 (10) Cu(2)-N(1) 1.973 (11)
Cu(2)-N(3) 1.986 (10) Cu(3)-0(5) 1.941 (8)
Cu(3)-0(6) 1.939 (8) Cu(3)-0(8) 2461 (11)
N(2)-0(7) 1.26 (2) N(4)-O(8) 1.26 (2)
Bond Angles
O(1)-Cu(1)-0(2) 93.3(4) O(1)-Cu(1)-O(7) 828 (5)
0(3)-Cu(2)-0(4) 87.0(4) O(3)-Cu(2)-N(1) 105.7 (5)

0(3)-Cu(2)-N(3) 109.9 (4) O(4)-Cu(2)-N(1) 110.6 (5)
0(4)-Cu(2)-N(3) 107.1 (4) N(1)-Cu(2)-N(3) 128.6 (5)
0(5)-Cu(3)-0(6) 92.4 (3) O(5)-Cu(3)-O0(8) 91.7 (4)
Cu(1)-O(7)-N(2) 159 (1)  Cu(3)-O(8)-N(4) 145 (1)

pounds are formed on direct reaction of Cu(hfac), with RL.
The following scheme summarizes qualitatively the synthetic
conditions of the complexes (hexane or heptane is the solvent):

Ar,T<20°C

Cu(hfac)z(RLH) R=Me,i~Pr,Ph
Ar,T>40°C
Cu(hfac), + RLH Cu, (hfac),(RL) R=Me,Et,i-Pr,Ph
2 _1 o 2 32
Cu(hfac)2 + M#Eu(hfac)zh(u)z R=Et,i-Pr,Ph

Cu(hfac),(MeL)

Cu,(hfac),(EtL), Crystal Structure. A fragment of the Cu,-
(hfac);(EtL), structure is shown in Figure 1. The independent
structural unit consists of three crystallographically different Cu
atoms, two of which—Cu(1) and Cu(3)—lie on different inversion
centers ('/,, 0, 0 and 0, 0, '/,) and one—Cu(2)—occupies a
general position, so that the structural formula of the compound
may be depicted as following: [Cu(1)(hfac),~u;-EtL-Cu(2)-
(hfac)—u,-EtL-Cu(3)(hfac),~u,-EtL~Cu(2)(hfac)—u,-EtL]... This
is a repeating fragment of a chain running along the (101) face.
The Cu(2) atom is surrounded by two O atoms of the hfac anion
and imine N atoms of the imidazoline heterocycles. The coor-
dination polyhedron of Cu(2) (Table I1I) is a distorted tetrahedron
(mean Cu-0 = 2.12 (1) A, Cu-N = 1.96 (2) A, chelate angle
0O(3)—Cu(2)-0(4) = 86.5 (5)°, N(1)-Cu(2)-N(3) = 128.7 (7)%;
the other Cu(2)-involving angles fall within 107.3 (5)-110.6 (6)°.!¢
The structural unit EtL~Cu(2)(hfac)-EtL bridges two centro-
symmetrical fragments Cu(1)(hfac), and Cu(3)(hfac), through

(18) The existance of the Cu(hfac)(EtL), fragment in the structure of
Cu,(hfac),(EtL), is good evidence for the formation of Cu(hfac)L, (L
= RL, RLH) intermediates on the synthesis of Cu,(hfac);(RL),, as it
was supposed above. It is possible that Cu(hfac)(RLH),, which prob-
ably has a structure similar to that of the Cu(hfac)(EtL), fragment, is
oxidized to Cu(hfac)(RL), in the course of the reaction and reacts with
Cu(hfac), to form Cu,(hfac);(RL),.
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Table IV. Optimal Parameters of u.4(7) Experimental Dependence
Fitting for Cuy(hfac);(RL),*

R gcu J, em™! J'z, em™
Me 2.14 9.0 -0.67
i-Pr 2.10 15.6 -0.06
Ph 2.13 7.5 -0.16
Et 2.01 25.5 -2.72

¢ Absolute error for gc, and J is equal to 1%, and that for J’z, 10%.

the O atoms of the N~O fragments. Thus, the coordination
polyhedra of Cu(1) and Cu(3) are the elongated octahedra formed
by four atoms of two hfac ligands in an equatorial plane (mean
Cu-O = 1.95 (2) and 1.94 (2) A) and by two O atoms of the N~O
fragments of two EtL ligands in axial positions (Cu-O = 2.38
(2) and 2.46 (1) A for Cu(l) and Cu(3), respectfully, Bond
lengths and bond angles in the hfac fragments (mean C-O = 1.25
(3 A, C-C=140(4) A, 0-C-C=129(2)°,C-C-C =121
(2)° are typical for hfac™.!® The interatomic distances and bond
angles in the imidazoline heterocycles also are in accord with the
data available.!* The imidazoline heterocycle is planar with atom
deviations from the root-mean-square plane less than 0.03 A; N(2)
and N(4) deviate from the heterocycle plane by -0.02 and -0.004
A. The O atoms of the N~O fragments deviate from the planes
of the heterocycles by 0.058 and -0.111 A (O(7) and O(SK,
respectfully); the N-O bond lengths are equal to 1.26 (2) A.

These results show that in the solid complex the imidazoline
ligand is in the radical form.'»? The total data on the coor-
dination surroundings of the Cu(1), Cu(3), and Cu(2) atoms allow
different oxidation states to be supposed for the copper ions: +1
for Cu(2) and +2 for Cu(1) and Cu(3). Examples of polymeric
complexes where in the solid state a Cu* and Cu?* alternation
is observed are known,?! but among mixed-ligand complexes with
nitroxides such a type of compound is found for the first time.

Magnetic Properties. The results of the X-ray diffraction study
show that the shortest contacts between paramagnetic centers are
the ones between Cu?* ions and the N=O groups of coordinated
EtL. These contacts are about 2.4 A, while all other Cu%+-.Cu2*
and Cu?*-O=N contacts are more than 7 A. For this reason the
model of tricentered heterospin exchange clusters?? was used for
the fitting of the experimental temperature dependence of the
Cu,(hfac);(EtL), magnetic susceptibility. In this model an iso-
tropic Hamiltonian is used for the calculation of the energy levels
of the cluster in an external magnetic field:

A =-2J55'- 8(gS, + g'S,)H ~ 2J728,(8,)

where § is the Cu?* spin operator, § = 3, + §, is the operator of
the total spin of two radicals, g and g’ are the g factors of Cu?*
and the nitroxide, z is the number of the nearest-neighbour
molecules, 8 is the Bohr magneton, § = 5 + §’is the operator of
the cluster total spin, and (S,) is its averaged projection onto the
z axis. Magnetic susceptibility per cluster is'!??

X = X X S0 Xl (1= Xi8,48,)

The augend is the susceptibility of the isolated exchange cluster
N-+Q-Cu?*...0+N, equal to

ﬂZ g + 2gl 2
XigH = m[ 10( 3 exp(J/kT) + g2 +

4g'- g \? 16kT
( 3 ) exp(-2J /kT) + 77 & g0 (exp(J/kT) -

exp(-2J/kT)) ]/(2 exp(J/kT) + 1 + exp(-2J/kT))

(19) Shkol'nikova, L. M.; Porai-Koshitz, M. A. Itogi Nauki Tekh., Ser.
Kristallokhim, 1982, 16, 117-225.

(20) Doedens, R. J.; Dickman, M. H. Inorg. Chem. 1982, 21, 682-684.

(21) Dunaj-Jurco, M.; Ondrejovic, G.; Melnik, M.; Garaj, J. Coord. Chem.
Rev. 1988, 83, 1-28,

(22) Pervukhina, N. V,; lkorski, V. N.; Podberezskaya, N. V,; Nikitin, P.
S.; Gel'man, A. B.; Ovcharenko, V. I; Larionov, S. V.: Bakakin, V. V.
Zh. Strukt. Khim. 1986, 27 (4), 61-68.
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Figure 2. Experimental (heavy dots, circles) and theoretical (curves) pey
versus T dependences for Cu,(hfac);(RL),; R = Me (1), i-Pr (2), and
Ph (3).
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Figure 3. Experimental (heavy dots) and theoretical (curve) u.y versus
T dependences for Cu,(hfac);(EtL),.

The addend accounts for the intercluster interaction, and corre-
sponding generalized susceptibilities are!!22

BRI g+ 2g dg'-g
X8 = g 10 3 exp(J/kT) + g + 3

X
exp(—ZJ/kT))/(Z exp(J/kT) + 1 + exp(~2J/kT))

1
XEhH = 2777 X480

XS = %i‘;(lo exp(J/kT) + 1 +
exp(-2J/kT)) /(2 exp(J/kT) + 1 + exp(-2J /kT))

The optimal J, J’z, and gc, values were obtained by minimization
of the T, [u(T,) ~ uT8=(T)}2 sum.

This model appeared to fit well the experimental u(7) de-
pendences for all four Cu,(hfac),(RL), compounds. This is the
basis to suppose the presence of similar N+Q«Cu?*..O+N ex-
change clusters in solid Cu,(hfac);(RL), and, therefore, some kind
of structural similarity of these compounds, although the powder
X-ray diffraction patterns of Cu,(hfac),(RL), show that all these
materials are not isomorphous.

It is noteworthy that the fitting for Cu,(hfac);(EtL), is good
inspite of the presence of two different exchange clusters, centered
on Cu(1) and Cu(3) and differing in the orientation of the ni-
troxides to the Cu(hfac), fragments. This means that J values
in these two types of clusters do not differ much.

The fitting results (Table IV and Figures 2 and 3) show that
the intracluster exchange in all Cu,(hfac);(RL), compounds is
ferromagnetic and has approximately the same order of magnitude,
while the intercluster exchange is antiferromagnetic and ranges
from —-0.06 cm™ in Cu,(hfac),(i-PrL), to =2.72 em™ in Cu,-
(hfac)s(EtL),. The latter value is rather high and can be explained
under assumption that there is an effective exchange pathway
along the chain. It is rather probable because 3-imidazoline
heterocycles form an effective exchange pathway on coordination
by the imine N atom to metal ions.!! Discussing the exchange
parameters obtained, one should keep in mind that the physical
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sense of J and J’z becomes indefinite upon the increase of the Jz/J
ratio because the equation used for the fitting is developed under
assumption that J > J’z. It is especially important in the case
of Cu,(hfac);(EtL),, where this ratio exceeds 0.1.

Conclusions

The reaction of Cu(hfac), with sterically hindered 3-imidazoline
hydroxylamines in inert atmosphere yields new types of mixed-
ligand complexes with nitroxides of the composition Cu,-
(hfac);(RL),, which are not formed on the direct reaction of
Cu(hfac), with RL. The polymeric structure of Cu,(hfac),(EtL),
in solid phase has been determined, this structure being charac-
terized by the Cu* and Cu?* jon alternation in the chain manner
and also by the coordination of two N+O fragments to Cu?* ions.
In N=O-Cu?*-O+N exchange clusters existing in solid Cu,-
(hfac);(RL),, ferromagnetic exchange interactions are realized.

In the course of the investigation [Cu(hfac),],(EtL), and
[Cu(hfac),]1(i-PrL), were obtained as well, which are repre-
sentatives of the recently discovered type of mixed-ligand complex

with nitroxides.!#?? The structure and magnetic properties of
these compounds are the subject of further investigation and will
be reported later.
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Structure Determinations by 13*W, 5V, and 2°Si NMR Spectroscopy

Jacqueline Canny,! René Thouvenot," André Tézé,! Gilbert Hervé,* Michele Leparulo-Loftus,?

and Michael T. Pope!
Received March 23, 1990

Addition of vanadium to the divacant v-[HSiW,404]"" anion gives quantitatively the y-decatungsto-1,2-divanadosilicate
[SiV,W,004]¢ parent complex. This complex is stable in nonaqueous solution but isomerizes in water. The isomerization was
followed by polarography, and depending on the experimental conditions, three geometrical isomers of [SiV,W,40,]¢ were prepared
(as pure compounds for two of them). These isomers are characterized by their IR spectra and their '3W, 5'V, and ¥Si NMR
spectra. All have the 8-structure with the two vanadium atoms in positions (8,12), (3,12), and (3,8), respectively.

Introduction

The synthesis of polyoxotungstates or molybdates of the Keggin
structure in which W or Mo atoms are partially replaced by atoms
such as TilV, NbY, or VV has attracted increasing attention because
of (i) the use of these compounds in oxidation catalysis' and (ii)
the use of the compounds to link organometallic moieties on the
surface oxygen atoms.2 Important changes of the solution or
solid-state properties of these compounds, such as the redox be-
havior and the strength of the acid, can be expected when the
number (usually 1, 2, or 3) and the vicinity of these addenda atoms
in the Keggin structure are modified.

A better knowledge of the factors that influence the relative
positions of the addenda atoms is required in order to rationalize
stereospecific methods for synthesizing such compounds. A
possible approach of this problem consists of the preparation of
a pure and well-characterized derivative and the study of its
isomerization under various conditions (solvent, acidity, tem-
perature, etc.).

This paper deals with the preparation of the divanadium de-
rivative of the vy-12-tungstosilicate obtained from the divacant
v-[HSiW,4036]" polyanion and its isomerization into three dif-
ferent geometric isomers according to the experimental conditions.
Let us be reminded that 8- and y-isomers of the Keggin anion
(a-isomer) are derived from the latter by rotation of one or two
groups of three edge-sharing WQOg octahedra, respectively (Figure
1).> All the divanadium compounds have been characterized by

* Université Pierre et Marie Curie.
tGeorgetown University.

polarography, #Si, 5!V, and '83W NMR spectroscopy in solution,
and infrared spectroscopy in the solid state. A preliminary report
of this work has been presented.*

Experimental Section

Preparation of Compounds. Ia, Cs,H,-v(1,2)-{SiV,W,,0,}4H0.°
This compound was prepared by using the potassium salt of the y-10-
tungstosilicate obtained as previously described.5 This salt (10 g, 3.33
X 107? mol) is dissolved in 1 M HCI (35 mL), 0.5 M sodium meta-
vanadate (NaVO;) (13.5 mL, 6.75 X 10~ mol) is added, and the mixture
is gently stirred a few minutes. A small precipitate is filtered off (solution
A). Cesium chloride (5 g) is added to the clear solution. The solid is
separated by filtration on a fine frit. This crude product is dissolved in
0.5 M HCI (400 mL), and small quantities of insoluble material are

(1) For a review, see: Misono, M. Catal. Rev.—Sci. Eng. 1987, 269 and
references therein.

(2) Among the abundant literature see the following: (a) For niobium-
substituted polyanions: Edlund, D. J.; Saxton, R. J.; Lyon, D. K.; Finke,
R. G. Organometallics 1988, 7, 1692. Finke, R. G.; Droege, M. W. J.
Am. Chem. Soc. 1984, 106, 7274, Day, V. W.; Klemperer, W. G.;
Maltbic, D. J. Organometallics 1985, 4, 104. (b) For vanadium-sub-
stituted polyanions: Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille,
P. ). J. Am. Chem. Soc. 1986, 108, 2947.

(3) Baker, L. C. W.; Figgis, J. S. J. Am. Chem. Soc. 1970, 92, 3794. Pope,
M. T. Isopoly and Heteropoly Oxometalate Anions; Springer-Verlag:
Berlin, 1983; p 26.

(4) Tézé, A.; Canny, J.; Leyrie, M.; Hervé, G. Presented at the CNRS-NSF
Workshop on Polyoxometalates, Saint-Lambert des Bois, France, 1983.

(5) (a) Dodecaoxometalate {SiV,W,q0]¢ isomers will be abbreviated by
the trivial notation used in the literature of a, 8, or v, followed by the
number of the vanadium positions according to the IUPAC recom-
mendations (in parentheses). (b) Jeannin, Y.; Fournier, M. Pure Appl.
Chem. 1987, 59, 1529.

(6) Canny, J.; Tézé, A.; Thouvenot, R.; Hervé, G. Inorg. Chem. 1986, 25,
2114.
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