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Shift of stereochemical nonrigidity from coordination units
to polymethylene fragments in heterospin
copper(11) hexafluoroacetylacetonate complexes
with nitronyl nitroxide biradicals*
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The reactions of bis(hexafluoroacetylacetonato)copper(i) [Cu(hfac),] with the nitronyl
nitroxide biradicals bis[4-(4,4,5,5-tetramethyl-3-oxide-1-oxyl-4,5-dihydro-1H-imidazol-
2-yl)pyrazol-1-ylJalkanes (L®, L' and L!2) produced the framework heterospin com-
plex [Cu(hfac)z]zL6 and the layer-polymeric heterospin complexes [Cu(hfac),],L'% and
{[Cu(hfac),],L!%}[Cu(hfac),(PriOH),], respectively. In the solid state of these compounds, the
stereochemical nonrigidity is manifested as a deformation of the polymethylene frag-

ments —(CH,),—.
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magnetic properties.

Specific magnetic anomalies, which are similar in the
character of the temperature dependence of the effective
magnetic moment (L) to spin transitions, were described
for the family of complexes of copper(i1) hexafluoro-
acetylacetonate Cu(hfac), (hfac is hexafluoroacetyl-
acetonate) with 1-alkylpyrazol-4-yl-substituted nitronyl
nitroxides (LR).1=5 In the solid

state, these complexes exist as /O'
heterospin 1D head-to-head or N =N
head-to-tail polymers formed +/>_<\:,'\l
through the bridging coordina- N\ SR
tion of LR with the involvement (on

of the O atom of one >N—O LR

group and the N atom of the
pyrazole ring.

Recently, we have examined the possibility of synthe-
sizing heterospin structures of higher dimensionality
(2D and 3D) based on the Cu(hfac), complexes with
1-alkylpyrazol-4-yl-substituted nitronyl nitroxides. For
this purpose, we used the biradicals L* and L8 containing
tetra- and octamethylene binding groups, respectively,
between the pyrazole fragments (index # in the notation
of the biradical L” corresponds to the number of the

R = Me, Et, Pr", Pri, Bu"
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of his 70th birthday.
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methylene units) as building blocks, which can provoke
an increase in the dimensionality of the complexes.
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This approach proved to be useful. The reactions of
Cu(hfac), with L* and L8 were found to produce a com-
plex having a framework structure in the solid state and a
layer-polymeric complex, respectively.® It appeared that
the —(CH,);— and —(CH,)g— bridges chosen for the
biradicals give rise to rather "rigid" structures compared to
1D complexes. The change scale (Ad) for the Cu—N and
Cu—O0 bond lengths in the coordination units responsible
for the possibility of a magnetic anomaly served as the
measure of "rigidity".% In this connection, we synthesized
the complexes of Cu(hfac), with the biradicals L6, L1,
and L!2 and studied the magneto-structural correlations
for these complexes in the expectation that the change
from L* to L® and from L8 to L!° (and, the more so,
to L12) would lead to a weakening of the rigidity of the
structures with increasing number of methylene units in
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the bridge. The reactions of Cu(hfac), with the biradicals
L6 L0 and L!2 were found to produce heterospin poly-
meric complexes. In the solid-state complexes, there are
heterospin chains analogous to those found earlier in the
Cu(hfac),LR complexes.!—5 However, the stereochemical
nonrigidity observed in the polymeric chains Cu(hfac) ZLR,
the framework complex [Cu(hfac),],L¢, and the
layer-polymeric  complexes [Cu(hfac),],L'® and
{[Cu(hfac),],L'?}[Cu(hfac),(Pr'OH),] is sifted from the
coordination units to the polymethylene fragments of the
biradicals.

Results and Discussion

Structures and magnetic properties of compounds. The
use of biradicals with symmetrical electron-donating
groups in the synthesis of complexes does not automati-
cally lead to the self-assembly of heterospin complexes of
high dimensionality. For example, the Cambridge Struc-
tural Database’ contains information on the structures of
several tens of transition metal complexes with nitronyl
nitroxide and imino nitroxide biradicals, among which
only a few compounds have a polymeric structure in the
solid state.6-8:9

To construct structures of high dimensionality, a par-
ticular complex of requirements should be met. Even when
excluding the kinetic and thermodynamic factors that are
difficult to predict and analyzing only the structural
complementarity of the building blocks, from which a
structure of high dimensionality can, in principle, be as-
sembled, a rather large number of possible combinations
still remain to be considered.!%:1! Hence, we carried
out the preliminary structural modeling of the possible
packings before performing the synthesis of the complexes
of Cu(hfac), with L* and L8. First, we took into account
that the bidentate bridging coordination of the paramag-
netic ligand provoking the chain formation is favorable in
the overwhelming majority of the complexes of Cu(hfac),
with the monoradicals LR synthesized earlier. For the
biradical molecules, the choice of # in the —(CH,),, group
necessary for the cross-linking of these chains was based
on the available structural data for chain polymers of
Cu(hfac), with 1-alkylpyrazol-4-yl-substituted nitronyl
nitroxides.!—4

The structural modeling showed that strong structural
distortions and strains should appear in both head-to-
head and head-to-tail polymer chains upon their cross-
linking by polymethylene bridges, in which the number of
methylene units between the pyrazole fragments is <4. At
the same time, according to the results of structural mod-
eling, the presence of more then eight methylene units in
the —(CH,),,— fragment is excessive and can cause their
unpredictable twisting. For this reason, we chose deriva-
tives with » = 4 and n = 8 as biradicals.

The study of the structure of the [Cu(hfac),],L* com-
plex showed® that nature has solved the problem of strong
structural strains for —(CH,)4— by creating a framework
structure of the heterospin complex with a very high crys-
tal density (1.708 g cm—3) untypical of this class of com-
pounds. The polymethylene fragments —(CH,)g— in the
polymeric layers of the real [Cu(hfac),],L8 complex are
only slightly contracted, which is in good agreement with
the results of preliminary modeling. In the real structure
of [Cu(hfac),],L8, the distance between the N atoms
linked by the —(CH,)g— fragments is 11.260(8) A, which
is close to the maximum value (11.505 A) and is substan-
tially larger than the average value (10.81+0.12 A) for the
—N(CH,)gN— fragments available in the Cambridge
Structural Database.” Hence, when designing the present
study, we planned to answer the following two main ques-
tions: 1) whether the framework structure of the heterospin
complex is retained in going from L# to L® and 2) how the
stereochemical nonrigidity of the layered structure is pro-
vided in going from L3 to L1 (and the more so to L!2).

Since we succeeded in finding answers to both
questions, let us turn our attention to the structure of
[Cu(hfac),],L° (Fig. 1) without a detailed consideration
of the synthesis of the biradicals and heterospin com-
plexes. In the crystal structure of this complex, the para-
magnetic ligands serve as tetradentate bridges. Each
Cu atom is coordinated by two L° ligands through the
O atom of the >N—O group and the N atom of the
pyrazole fragment. Unlike the [Cu(hfac),],L* complex
studied earlier, in which all nitroxides are coordinated in
a head-to-tail fashion (Fig. 1, d),% the paramagnetic
ligands in [Cu(hfac)2]2L6 are coordinated in a head-to-
head fashion. The structure consists of 66-membered
metallocycles (Fig. 1, a) that are fused to form a frame-
work. In the simplified form, the scheme of the frame-
work formation is presented in Fig. 1, 5. One metallocycle
can be outlined in this framework (Fig. 1, ¢).

An important structural feature of [Cu(hfac),],L% is
that the distances between the paramagnetic centers,
Cu—Oy, in all CuOy coordination units are 2.030(3) A
(Table 1). These short distances (Opg, atoms lie on
the elongated axis, d(Cu—Oy,.) = 2.206(4) A, see
Table 1) are responsible for strong antiferromagnetic
exchange interactions in the exchange clusters
>N—"0—Cu—0O"—NX<. The theoretical simulation of
the experimental temperature dependence of the effective
magnetic moment (p.) (Fig. 2) was carried out with the
use of the isotropic spin Hamiltonian (# =-2JY.S;S;)
and the program for calculations of heterospin ex-
change clusters.13 As a result, we obtained the following
numerical estimates for the exchange parameters for
[Cu(hfac),],L% J(>N—"0—Cu—0"—N<)=—191 cm~!
and zJ'= —0.25 cm~!. Therefore, in full agreement with
the structural data, the magnetic structure of the complex
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Fig. 1. a. Structure of the 66-membered metallocycle in the [Cu(hfac),],L® complex; the hfac fragments, the Me groups of the
2-imidazoline ring, and the H atoms are omitted; Cu, O, and N atoms are shown in green, red, and blue, respectively. . The scheme
of the framework formation in [Cu(hfac),],L°. c. The metallocycle outlined in the framework structure. d. The structure of the

66-membered metallocycle in the [Cu(hfac),],L* complex.

Note. Fig. 1 is available in full color in the on-line version of the journal (http://www.springerlink.com/issn/1573-9171/current) and

on the web-site of the journal (http://russchembull.ru).

is formed by three-center exchange clusters, which are
located in the CuOgq coordination units and are linked
by weak exchange interactions with the quasi-isolated
Cull ions in the CuN,Oy units. These interactions were
taken into account employing the exchange parameter zJ”.

Therefore, the framework structure of the
[Cu(hfac),],L" complex in the solid state appeared to be
favorable for n = 4 and 6. The framework of both
[Cu(hfac),],L* and [Cu(hfac),],L is formed by the fused
66-membered metallocycles (see Fig. 1, a, ¢). An in-
crease in the length of the polymethylene chain in L°
compared to that in L* is compensated by the change
from the head-to-tail structure typical of [Cu(hfac),],L*
within the 66-membered metallocycles to the head-to-
head structure in [Cu(hfac),],L°.

Let us consider the changes in the structure of
[Cu(hfac),],L!° compared to [Cu(hfac),],L8. First, the
layer-polymeric structure of the solid phase is retained

(Fig. 3, a, b). Second, as expected, the presence of addi-
tional methylene units between the radical fragments re-
duces the steric strain. It appeared that the [Cu(hfac),],L!°
complex can be isolated as two polymorphs,
[Cu(hfac),],L!1%-1 and [Cu(hfac),],L!%-1I, whereas this
effect was not observed for [Cu(hfac),],L8. The differ-
ence in the structure of the polymeric layers in these
modifications is presented in Fig. 3, a, b. In Fig. 3, a, the
chain consisting of Cu atoms and halves of the molecules
L!0 is formally outlined by dash-dotted lines within a
fragment of the polymeric layer in [Cu(hfac),],L'0-1.
In these chains, the monoradical fragments are coor-
dinated exclusively in a head-to-tail fashion. In the
[Cu(hfac),],L!-1T modification, analogous head-to-tail
chains, which are also indicated by dash-dotted lines,
alternate with head-to-head chains (see Fig. 3, ). For
comparison, Fig. 3, ¢ shows a fragment of the layer in the
[Cu(hfac),],L¥ complex studied earlier,® in which all
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Table 1. Selected bond lengths (d) and bond angles () in the complexes

Compound d/A /deg
Cu—0; Cu—Oyp. Cu'—O0'hpe Cu—N N-O Cu-O;—-N Im—Pz Pz—Pz
[Cu(hfac),],L° 2.030(3)  2.007(3) 1.954(3)  2.454(4) 1.297(4)  124.003) 11.6 65.9
2.206(4) 1.973(3) 1.275(5)
[Cu(hfac),],L10-1 2.399(6)  1.934(6) — 2.377(6) 1.284(8)  153.3(7) 10.3 180.0
1.940(5) 1.272(8)
1.936(6) —
1.941(5)
[Cu(hfac),],L10-11 2.402(5)  1.944(5) 1.983(5)  2.283(6) 1.282(8)  131.7(5) 2.5 22.9
1.955(5) 2.026(6) 1.255(9)
2.516(6)  1.936(6) 1.947(6)  2.390(7) 1.273(7)  142.2(6) 8.7
1.942(5) 1.950(5) 1.291(7)
{[Cu(hfac)2]2L12— 2.423(4) 1.933(4) 1.988(5) 2.312(6) 1.283(6) 127.8(3) 8.1 180.0
[Cu(hfac),(PriOH),]} 1.933(4) 2.010(5)
2.360(7)*  1.907(5) 1.266(6)
1.972(6)
[Cu(hfac),]4L8 1.932(3)  1.943(3) 1.956(3)  2.320(3) 1.3194)  119.7(2) 10.0 180.0
1.975(3) 1.963(3)
1.972(3) 1.958(2) 1.283(5)
2.183(3) 1.977(3)
[Cu(hfac),|,LI0-CqH,, 1.928(4)  1.908(5) 1.932(4)  1.999(4) 1.298(6)  120.7(3) 10.0 180.0
1.940(5) 1.978(4)
1.930(5) 1.932(4) 1.261(6)
2.194(4) 2.121(4)
* CU_OROH
Hefe/B the Cu(hfac),],L!'%-1 and [Cu(hfac),],L!°-I1 modifications
containing a larger number of methylene units, the
2.7 decamethylene system —(CH,),,— is either twisted to
form a helix or is bent as a spring in the effort to form a
2.6 close packing. These data show that the —(CH,),— frag-
25 ments, which are twisted in one or another fashion, are
most prone to structural variations in the crystals of
2.4 [Cu(hfac),],L'%-1 and [Cu(hfac),],L!0-1I. This is the
main difference between the layered heterospin systems
23 . . . [Cu(hfac),],L1%-T and [Cu(hfac),],L!1°-II, on the one
100 200 300 7/K hand, and the chain polymers Cu(hfac)zLR arranged in a

Fig. 2. Dependence p.(7) for the [Cu(hfac)z]zL6 complex;
points correspond to the experimental data; the solid curve, to
the calculated data.

analogous chains are arranged in a head-to-head fashion.
This type of the layer formation proved to be optimal for
the "rigid" structure of [Cu(hfac),],L8. However, the "ri-
gidity" of the structure is not evident from Fig. 3, a—c,
where the arrangements of the layers are presented.
Since the nitronyl nitroxide fragments together with the
pyrazole rings and the {Cu(hfac),}, fragments are struc-
turally similar in [Cu(hfac),],L8, [Cu(hfac),],L!°-I, and
[Cu(hfac),],L!%-11, it is reasonable to compare the struc-
tures of the polymetylene units in the real structures. In
the solid state of [Cu(hfac),],L8, the octamethylene sys-
tem —(CH,)g— has a zigzag structure (see Fig. 3, d). In

head-to-head or head-to-tail fashion, which have been
studied earlier, on the other hand.!=4 In the structure of
Cu(hfac),LR, the coordination units serve as stereo-
chemically nonrigid parts, whereas the nonrigidity is
shifted to the polymethylene fragments in layer-polymeric
systems.

The large distances between the Cu atom and the
O atom in the nitroxide ligands (Cu—Oy, see Table 1)
in [Cu(hfac),],L!°-1 and [Cu(hfac),],L10-IT (2.399(6),
2.402(5), and 2.516(6) A) correlate with the ferromag-
netic character of exchange interactions in the exchange
clusters Cu—O°*—N< and > N—"0—Cu—0O"—NX<. The
magnetic structure of [Cu(hfac),],L!°-1 can be represented
as consisting of the exchange clusters Cu—O*—N< (ex-
change parameter J) linked to each other by the ex-
change interactions J;. In this approximation, the experi-
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Fig. 3. Structure of the layers in the crystals of [Cu(hfac),],L!%-1 (a), [Cu(hfac),],L'°-11 (), and [Cu(hfac),],L8 (c). Head-to-tail
chains are indicated by dash-dotted lines. The hfac fragments, the Me groups of the 2-imidazoline ring, and the hydrogen atoms are
omitted; Cu, O, and N atoms are shown in green, red, and blue, respectively. d. The N—(CH,),—N fragments in the [Cu(hfac),],L8,

[Cu(hfac),],L'10-1, and [Cu(hfac),],L!°-1I complexes.

Note. Fig. 3 is available in full color in the on-line version of the journal (http://www.springerlink.com/issn/1573-9171/current) and

on the web-site of the journal (http://russchembull.ru).

mental dependence p.(7T) for the [Cu(hfac),],L!10-1
complex (Fig. 4) is described by the following opti-
mal exchange parameters: J = 7.2 cm~!, J; = 0 cm™1,
and zJ° = —0.042 cm~!. The magnetic structure of
[Cu(hfac),],L1%-1I is formed by the exchange clusters

Cu—O" —N< (exchange parameter J;), the exchange clus-
ters >N—"0—Cu—0O"—N< (J,), and the quasi-isolated
Cu'l ions. For this complex, the theoretical curve corre-
sponds to the following optimal exchange parameters:
Jy=33cm™, J, =14 cm™!, and zJ° = —0.04 cm~!.



1800  Russ.Chem.Bull., Int.Ed., Vol. 56, No. 9, September, 2007

Romanenko et al.

Hefr/B
4.6

44 3
anf
40 B
38 B

3.6

50 100 150 200 250 T/K
Fig. 4. Temperature dependences of the effective magnetic mo-
ment for [Cu(hfac),],L!°-1 (I), [Cu(hfac),],L1%-I1 (2), and
{[Cu(hfac),],L12}[Cu(hfac),(Pr'OH),] (3); points correspond to
the experimental data; the solid curves, to the calculated data.

It should be noted that the high-temperature asymptotics
of p.g for both [Cu(hfac),],L10-1 and [Cu(hfac),],L10-11
tends to 3.46 B, which is theoretically estimated for the
sum of the contributions made by four weakly interacting
paramagnetic centers with s = 1/2 and g = 2.0 to the
magnetic susceptibility.

The twisting and bending of the polymethylene
chain is observed also in the structure of the complex
with the biradical L!2 (Fig. 5, b). The structure of
{[Cu(hfac),],L'?}[Cu(hfac),(Pr'OH),] is also formed by
polymeric layers, in which head-to-head chains can for-
mally be distinguished (Fig. 5, a). However, when the
number of the polymethylene units is increased to 12, the
cavities in the layers become so large that they can be
occupied by molecules of the Cu(hfac), complexes with
coordinated isopropyl alcohol (Fig. 5, a), which was used
for the crystal growth. In this case, the Pri'OH molecules
are additionally bound to the polymeric layers by hydro-
gen bonds between the OH groups of the coordinated
alcohol molecules and the N—O groups of the nitronyl
nitroxide fragments (Op,igy...OL, 2.769(8) A). A com-
parison of the structures of the layers in [Cu(hfac),],L%,
[Cu(hfac),],L!°-1, and [Cu(hfac),],L!°-11 with the struc-
ture of the layer in {[Cu(hfac),],L!2}[Cu(hfac),(Pr'OH),]
presents difficulties due to the presence of the additional
Cu(hfac), matrix in the latter structure. However, the
structure of the N—(CH,),—N fragments in the crystal
structure of the latter complex (Fig. 5, b) provides evi-
dence that they are prone to twisting and bending, i.e.,
serve as springs compensating possible strains in the poly-
meric layer.

The magnetic properties of the heterospin com-
plex {[Cu(hfac),],L!?}[Cu(hfac),(Pr'OH),] are similar to
those of the [Cu(hfac),],L!1°-1 and [Cu(hfac),],L!1°-11
modifications (see Fig. 4). The presence of the

Fig. 5. Structures of the layer (a¢) and the N—(CH,),—N frag-
ment (b) in the {{Cu(hfac),],L!2}[Cu(hfac),(PriOH),] complex.
Note. Fig. 5 is available in full color in the on-line version of the
journal (http://www.springerlink.com/issn/1573-9171/current)
and on the web-site of the journal (http://russchembull.ru).

additional bis-chelate Cu(hfac), matrix in the
{[Cu(hfac),],L'?}[Cu(hfac),(Pr'OH),] complex and, cor-
respondingly, the larger number of paramagnetic centers
compared to those in the complexes with L!? are respon-
sible for the larger effective magnetic moments. In the
structure of {[Cu(hfac),|,L'?},[Cu(hfac),(Pr'OH),], there
are two essential channels of exchange interactions be-
tween the paramagnetic centers: the direct exchange in-
teraction Cul'—0"—N< (J)) and the exchange interac-
tion between Cull and the nitroxide groups through the
OH group of the coordinated alcohol molecule (J,). The
energies of interactions through other channels are small
and they were taken into account in the optimization with
the use of the exchange parameter zJ'. The theoretical
curve in Fig. 4 corresponds to the following optimal pa-
rameters: J; = 29 cm™!, J, = 9.4 cm™!, and zJ* =
—0.16 cm™ 1.
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The formation of layer-polymeric compounds can be
suppressed by the addition of an excessive amount of
Cu(hfac), to the reaction system. For example, the mo-
lecular complexes [Cu(hfac),]4,L® and [Cu(hfac),],L!°
were synthesized by the reactions with the ligands L8
and L9, respectively, using the Cu(hfac),/biradical sto-
ichiometric ratio of 4/1. The molecules of these com-
plexes are centrosymmetric with respect to the midpoint
of the polymetylene bridge and have similar structures
(Fig. 6). The coordination environment of the Cu atoms
can be described as a distorted square pyramid, except for
the CuNOy, units in [Cu(hfac),]4L!?, in which the coordi-
nation environment of the Cu'l atoms is better described
by a trigonal bipyramid. The most important feature of
their structures is the presence of short equatorial dis-
tances between the Cu atoms and the O atoms of the co-
ordinated nitroxide groups (1.932(3) A in [Cu(hfac),],L8
and 1.928(4) A in [Cu(hfac),]4L'%), which is responsible
for very strong antiferromagnetic exchange interactions
between the unpaired electrons of the Cu!l atoms and the
coordinated nitroxide groups in the CuOj units. As a re-
sult, the spins in the exchange clusters Cu—O*—N< are
virtually fully paired already at room temperature, and the

a
Cu(2)
Cu(l)
b
Cu(2)
Cu(l)

Fig. 6. Molecular structures of [Cu(hfac),],L® (a) and
[Cu(hfac),],L'0 (b); the CF; and CH; groups and the H atoms
are omitted; Cu, O, and N atoms are shown in green, red, and
blue, respectively.

Note. Fig. 6 is available in full color in the on-line version of the
journal (http://www.springerlink.com/issn/1573-9171/current)
and on the web-site of the journal (http://russchembull.ru).

contributions to the residual effective magnetic moment
are made primarily by the isolated Cull atoms of the
CuNOy coordination units. Since these units are substan-
tially spaced from each other, the interactions between
these units are weak, and the magnetic moment g re-
mains almost unchanged with temperature: p.g is 3.05
and 2.86 B at 300 and 2 K, respectively, for Cu(hfac),],L3;
Uefr is 3.05 and 2.95 B at 300 and 2 K, respectively, for
[Cu(hfac),],L1°.

Synthesis of biradicals and complexes. The possibility
of alkylation of LH and the procedure developed for the
synthesis of this compound!? allow the preparation of L"
with the desired number of methylene units. The alkyla-
tion of LH with 1,6-dibromohexane, 1,10-dibromodecane,
or 1,12-dibromododecane under phase-transfer catalysis
(Scheme 2) produced nitroxides L, L10, and L!2, respec-
tively, in ~40—50% vyields. In addition, nitroxide L!2
was prepared by the independent synthesis based on the
introduction of the polymethylene group in early steps
(Scheme 1).

Scheme 1
o
/ Br(CH,),,Br,
N =N NaOH, NBu,Br
N NH CgHg, Ho0
\
o
LH
O ‘0
/ \
— =l 0
I S N
\ (CHy), /
O~ -0
|_n

=N i =N N™= i 12

N N N e L
NH N\ /N
(CH)52

DHAis 2,3-di(hydroxyamino)-2,3-dimethylbutane

i. Br(CH,)1,Br, NaOH, BUNHSO,, H,0.
ii. 1) POCl, DMF, 2) DHA, MeOH, 3) NalO,, H,0, CHCl,

Weak antiferromagnetic exchange interactions are
present in the solid state of the biradicals L6, L0, and L!2.
The temperature dependences of the effective magnetic
moment for the biradicals L8, L1°, and L!2 are similar; the
typical curve is exemplified by L!2 in Fig. 7.

The heterospin complexes [Cu(hfac),],L" were syn-
thesized by the reactions of [Cu(hfac),] with the corre-
sponding L”. It is difficult to grow single crystals of these
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Fig. 7. Dependence p(T) for L2,

compounds suitable for X-ray diffraction because of their
high solubility in low-polarity organic solvents. In addi-
tion, the storage of concentrated solutions for 12 h or a
longer period of time led to a gradual accumulation of
decomposition products in these solutions, which sub-
stantially hindered the crystallization of the target prod-
ucts. As a rule, the use of an acetone—heptane (or hexane)
mixture resulted in the formation of oily products. The
subsequent addition of a diethyl ether—hexane mixture or
pure hexane to the oily residue resulted in the fast crystal-
lization of [Cu(hfac),],L!°-I and [Cu(hfac),],L'0-1I, re-
spectively. It should be noted that [Cu(hfac),],L!1°-11 crys-
tallizes also from solutions in diethyl ether containing
equimolar amounts of L!* and [Cu(hfac),],L!°. The lat-
ter, in turn, is readily formed upon the dissolution of the
oily or finely crystalline [Cu(hfac),],L'" complex in hex-
ane followed by the addition of two equivalents of
Cu(hfac),. Ethanol proved to be the solvent of choice for
[Cu(hfac),],L8, which is the least soluble compound
among the complexes under consideration.

To summarize, we synthesized the framework
heterospin complex ([Cu(hfac)z]zLG) and the layer-
polymeric heterospin complexes ([Cu(hfac),],L!" and
{[Cu(hfac),],L?}[Cu(hfac),(Pr'OH),]). Since the stereo-
chemical nonrigidity in the solid state of these compounds
is manifested as a deformation of the polymethylene frag-
ments, no anomalies in the curves p.{ 7)) were found, as
opposed to the chain-polymeric complexes [Cu(hfac)z]LR
studied earlier.1—4

Experimental

General methods. The progress of the reactions was moni-
tored by TLC on Silica gel 60 F,54 aluminum sheets (Merck).
The solvents were removed from the reaction mixtures
under reduced pressure at 30—35 °C on a rotary evaporator.
The column chromatography was performed on silica gel
(0.063—0.200 mm, Merck) and Al,O; (high-purity grade,
Donetsk Plant of Chemical Reagents, Ukraine). The IR spectra
were recorded in the 400—4000 cm™! region (KBr pellets) on a
Bruker Vector-22 spectrophotometer. The melting points were

determined on a Boetius hot-stage apparatus. The microanaly-
ses were carried out on a Carlo-Erba 1106 analyzer at the N. N.
Vorozhtsov Novosibirsk Institute of Organic Chemistry of the
Siberian Branch of the Russian Academy of Sciences. The mag-
netic susceptibility () was measured on a SQUID MPMS-5S
Quantum Design magnetometer in the temperature range of
2—300 K at a magnetic field strength of 5 kOe. The paramag-
netic components of the magnetic susceptibility were calculated
taking into account the diamagnetic contribution estimated from
the Pascal constants. The effective magnetic moment was cal-
culated by the equation

Megr = [3kx T/(NABDI2,

where N, is Avogadro's number, B is the Bohr magneton, and
k is the Boltzmann constant.
1,12-Di(1H-pyrazol-1-yl)dodecane (1). 1 H-Pyrazole (3.4 g,
50 mmol) was added to a solution of KOH (10 g, 0.18 mol) in
water (30 mL). The reaction mixture was stirred at room tem-
perature for 15 min. Then 1,12-dibromododecane (8.2 g,
25 mmol) and (BuyN)HSO, (1.7 g, 5 mmol) were added, and
the reaction mixture was stirred at 100 °C for 24 h. In the course
of the reaction, a white crystalline compound formed on the
surface of the aqueous phase. After cooling, the aqueous phase
was decanted, the residue was dissolved in CH,Cl, and dried
over Na,SOy, and the solvent was distilled off. The residue was
recrystallized from a mixture of CH,Cl, and hexane. The yield
was 6.8 g (90%), m.p. 64—66 °C. Found (%): C, 71.6; H, 10.1;
N, 18.5. C;gH3oNy. Calculated (%): C, 71.5; H, 10.0; N, 18.5.
IR, v/em~!: 460, 621, 661, 724, 752, 878, 920, 969, 1044, 1092,
1115, 1199, 1283, 1376, 1396, 1468, 1512, 1627, 2847, 2918,
3116, 3434.
1,6-Di[4-(4,4,5,5-tetramethyl-3-oxide-1-oxyl-4,5-dihydro-
1H-imidazol-2-yl)-1 H-pyrazol- 1-ylJhexane (L®). A mixture of LH
(0.32 g, 1.4 mmol), 1,6-dibromohexane (0.18 g, 0.7 mmol),
(BuyN)Br (0.038 g, 0.12 mmol), NaOH (0.058 g, 1.5 mmol),
CgHg (3.6 mL), and H,O (2.2 mL) was stirred at 50 °C for 72 h.
Then the reaction mixture was cooled, the organic layer was
separated, and the aqueous phase was extracted with CHCl,
(4x5 mL). The organic phases were combined and dried
with Na,SO,. The solvents were distilled off, and the oily resi-
due was purified by chromatography on a 2.5x20 ¢cm alumina
column using ethyl acetate as the eluent. The blue fraction
containing a compound with R;= 0.5 was collected and concen-
trated. The residue was purified on a 1.5x25 cm silica gel col-
umn using ethyl acetate as the eluent. The blue fraction con-
taining the reaction product was eluted last. This fraction
was concentrated, and the oily residue was dissolved in an
Et,0—hexane mixture. The solution was kept in an open flask at
0 °C. Small dark-blue crystals that formed were filtered off and
dried in air. The yield was 0.19 g (51%), m.p. 179—182 °C.
Found (%): C, 59.1; H, 7.6; N, 21.2. CyH4;NgO,. Calcu-
lated (%): C, 58.6; H, 7.8; N, 20.7. IR, v/cm~!: 419, 462, 540,
647, 666, 753, 812, 869, 906, 981, 1013, 1050, 1130, 1181, 1216,
1308, 1322, 1358, 1371, 1401, 1423, 1445, 1598, 2859, 2930,
2958, 2992, 3140, 3421.
1,10-Di[4-(4,4,5,5-tetramethyl-3-oxide-1-oxyl-4,5-di-
hydro- 1 H-imidazol-2-yl)-1H-pyrazol-1-yl]decane (L!%) was syn-
thesized analogously to L% in 49% yield. M.p. 99—101 °C.
Found (%): C, 61.7; H, 8.4; N, 18.9. C3,HNgO,. Calcu-
lated (%): C, 61.6; H, 8.3; N, 19.2. IR, v/cm~!: 421, 463,
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541, 600, 646, 665, 722, 763, 815, 855, 979, 1017, 1129, 1182,
1218, 1322, 1360, 1403, 1423, 1463, 1600, 2849, 2925, 2984,
3127, 3458.

1,12-Di[4-(4,4,5,5-tetramethyl-3-oxide-1-oxyl-4,5-
dihydro-1H-imidazol-2-yl)-1H-pyrazol-1-yl]dodecane (L!2).
Method A. The biradical L!2 was synthesized analogously to L®
in 42% yield.

Method B. A mixture of 1,12-di(1 H-pyrazol-1-yl)dodecane
(6 g, 20 mmol) and DMF (9 mL) was heated to 70 °C. Then a
solution of POCl; (6.1 g, 3.7 mL, 40 mmol) in DMF (15.5 mL)
was added dropwise with stirring. After 4 h, an additional amount
of POCI; (3.6 g, 2.2 mL, 24 mmol) was added. The reaction
mixture was stirred at 70 °C for 30 min and cooled, H,O (15 mL)
was added, and the mixture was neutralized with K,CO; to
pH 9—10 and kept in refrigerator for 1 h. The brown solid
organic phase that formed was filtered off and dissolved in
CH,Cl,. The solution was filtered through a layer of Al,O4
(2x15 cm) and a layer of SiO, (2x15 c¢m) using CH,Cl, as
the eluent. The solvent was distilled off, and the yellow prod-
uct was recrystallized from a mixture of CH,Cl, and hexane.
1,1"-(Dodecane-1,12-diyl)bis(1 H-pyrazole-4-carbaldehyde) was
obtained in a yield of 3.48 g (49%). The dialdehyde was
dissolved in MeOH (50 mL). 2,3-Di(hydroxyamino)-2,3-
dimethylbutane (DHA) (2.87 g, 19.4 mmol) was added to the
solution. The resulting suspension was stirred for 1.5 h, after
which a pale-yellow solution was obtained. The solution was
kept at 5 °C for 12 h. The pale-yellow precipitate that formed
was filtered off and washed on a filter with cold MeOH. The
yield of 2,27-[1,1"-(dodecane-1,12-diyl)bis(1 H-pyrazole-4,1-
diyl)]bis(4,4,5,5-tetramethylimidazolidine-1,3-diol) was 3.79 g
(63%). Then NalOy (1.24 g, 5.8 mmol) was added portionwise

with stirring to a mixture of imidazolidine-1,3-diol (2 g,
3.2 mmol), CH,Cl, (50 mL), and H,O (10 mL) at room tem-
perature for 1 h, after which the organic phase turned intense
blue. The organic layer was separated, and the aqueous phase
was extracted with chloroform (1x10 mL). The combined or-
ganic solutions were dried with Na,SO,, and the solvent was
evaporated. The residue was dissolved in C¢Hg, and the solution
was applied on a 2.5x50 cm silica gel column. The product was
eluted with ethyl acetate, and the second blue fraction was col-
lected. This fraction was concentrated, and the residue was crys-
tallized by triturating with hexane. The yield was 1.0 g (50%),
m.p. 85—87 °C. Found (%): C, 62.9; H, 8.6; N, 18.0.
C3,H5,NgOy. Calculated (%): C, 62.7; H, 8.6; N, 18.3. IR,
v/em~l: 412, 462, 485, 541, 598, 642, 666, 718, 761, 814, 830,
867,980, 1017, 1075, 1130, 1182, 1221, 1307, 1323, 1335, 1359,
1404, 1425, 1465, 1600, 2852, 2924, 2980, 3138, 3444,

Complex [Cu(hfac),],L8. A mixture of Cu(hfac), (181 mg,
0.38 mmol) and L¢ (100 mg, 0.19 mmol) was dissolved in etha-
nol (3 mL) and kept in an open flask for one day. Large plate-
like crystals that formed were filtered off, washed with cold
diethyl ether, and dried in air. The yield was 31%. Found (%):
C, 37.7; H, 3.2; F, 30.6; N, 7.6. C4sHy4F,,Cu,NgO,,. Calcu-
lated (%): C, 37.2; H, 3.0; F, 30.7; N, 7.6.

Complex [Cu(hfac)z]sz-I. A mixture of Cu(hfac), (327 mg,
0.68 mmol) and L!° (200 mg, 0.34 mmol) was dissolved in ac-
etone (2 mL), and the solvent was removed under an air stream
until a brown oil formed. The oil was dissolved in diethyl ether
(3 mL). Hexane (2 mL) was added to the blue-green solution.
After 3 h, blue plate-like crystals that formed were filtered off,
washed with a cold diethyl ether—hexane mixture, and dried
in air. The yield was 55%. Found (%): C, 39.6; H, 3.3; F, 29.2;

Table 2. Crystallographic characteristics of the complexes and the X-ray data collection and refinement statistics

Parameter [Cu(hfac),],L° [Cu(hfac),],L1°-T [Cu(hfac),],L10-T {[Cu(hfac),],L'2 [Cu(hfac),],L8 [Cu(hfac),],L°-
[Cu(hfac),(PriOH),]} +CgHyy
Fw 1483.98 1540.08 1540.08 2165.97 2467.34 2581.52
Space group C2/c P2,/n C2/c Pl Pl P2,/c
A 8 4 8 1 1 2
a/A 30.399(9) 14.899(6) 25.369(6) 11.5758(17) 9.6643(19) 13.5888(14)
b/A 9.695(3) 15.565(6) 15.975(3) 15.187(2) 14.998(3) 12.6981(14)
/A 24.918(7) 15.638(6) 37.872(8) 15.249(2) 18.471(4) 30.379(3)
a/deg 116.619(3) 102.76(3)
B/deg 125.895(4) 115.357(7) 101.898(5) 93.081(3) 102.86(3) 93.765(2)
v/deg 101.155(3) 92.07(3)
V/A3 5949(3) 3277(2) 15019(6) 2321.1(6) 2535.5(9) 5230.7(10)
dy/g cm3 1.657 1.561 1.362 1.550 1.616 1.639
],L(MO-K(X)/IHI‘H*] 0.854 0.778 0.679 0.817 0.979 0.953
0/deg 1.70—23.31 1.58—23.36 1.78—23.41 1.82—23.31 1.16—23.40 2.08—23.29
Lt 22133/4291 25039/4745 57322/10831 18027/6650 10972/7222 34355/7510
Ry 0.0652 0.1678 0.1765 0.1477 0.0784 0.1281
N 588 527 919 699 784 802
GOOF 1.033 1.065 0.759 0.896 0.950 0.741
Ry 0.0532 0.0918 0.0770 0.0719 0.0457 0.0582
wRy (I > 25)) 0.1448 0.2080 0.1968 0.1569 0.0995 0.1373
R, 0.0697 0.1464 0.1720 0.1358 0.1608 0.1286
wR, (based on 0.1562 0.2396 0.2508 0.1831 0.1521 0.1675
all data)

* The number of measured/independent reflections.
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N, 7.4. C5oHs,F54,CuyNgOy,. Calculated (%): C, 39.0; H, 3.4;
F, 29.6; N, 7.3.

Complex [Cu(hfac),],L'%-II. Method A. A mixture of
Cu(hfac), (163 mg, 0.34 mmol) and L!° (100 mg, 0.17 mmol)
was dissolved in acetone (2 mL), and the solvent was removed
under an air stream until a brown oil formed. Then hexane
(2 mL) was added. After 1 h, the blue needle-like crystals that
formed were filtered off, washed with hexane, and dried in air.
The yield was 91%. Found (%): C, 39.0; H, 3.2; F, 30.5;
N, 7.2. C5oH5,F,4Cu,NgO . Calculated (%): C, 39.0; H, 3.4;
F, 29.6; N, 7.3.

Method B. A mixture of [Cu(hfac),],L!° (200 mg, 0.08 mmol)
and L19 (47 mg, 0.08 mmol) was dissolved in diethyl ether (5 mL)
and kept in an open flask for 2 h. The crystals that formed
were filtered off, washed with cold hexane, and dried
in air. The yield was 57%. Found (%): C, 39.7; H, 3.5; F, 28.9;
N, 7.1. C5oHs5,F,4Cu,;NgOy,. Calculated (%): C, 39.0; H, 3.4;
F, 29.6; N, 7.3.

Complex [Cu(hfac)2]4L8. A mixture of Cu(hfac), (85.8 mg,
0.18 mmol) and L8 (25 mg, 0.045 mmol) was dissolved in
hexane (3 mL) at 50 °C, and the solution was cooled to
room temperature. The brown crystals that formed were fil-
tered off, washed with cold hexane, and dried in air. The
yield was 42%. Found (%): C, 33.4; H, 2.2; F, 36.7; N, 4.5.
CesHs,FygCuyNgOyy. Calculated (%): C, 33.1; H, 2.1;
F, 37.0; N, 4.5.

Complex [Cu(hfac),],L'"C¢Hyy. A mixture  of
[Cu(hfac),],L'% (200 mg, 0.13 mmol) and Cu(hfac), (124 mg,
0.26 mmol) was dissolved in hexane (25 mL), and the reaction
mixture was kept at —18 °C for one day. The brown crystals that
formed were filtered off, washed with cold hexane, and dried in
air. The yield was 73%. Found (%): C, 36.0; H, 3.0; F, 36.0;
N, 4.3. C;4H7oF43CuyNgO,. Calculated (%): C, 35.4; H, 2.7;
F, 35.3; N, 4.3.

Complex {[Cu(hfac),],L'?}[Cu(hfac),(PriOH),]. A mixture
of Cu(hfac), (312 mg, 0.65 mmol) and L!? (200 mg, 0.33 mmol)
was dissolved in isopropyl alcohol (5 mL), and the reaction
mixture was kept at —18 °C for one day. The dark-blue crystals
that formed were filtered off, washed with cold isopropyl alco-
hol, and dried in air. The yield was 24%. Found (%): C, 37.8;
H, 3.4; F, 31.1; N, 5.2. CegH74F3cCu3NgO 5. Calculated (%):
C,37.7; H, 3.4; F, 31.6; N, 5.2.

X-ray diffraction study. X-ray diffraction data sets were col-
lected from single crystals on a SMART APEX CCD dif-
fractometer (Bruker AXS) (Mo-Ka, A =0.71073 A, 7= 295 K).
Absorption corrections were applied using the Bruker SADABS
software (version 2.10). The structures were solved by direct
methods and refined by the full-matrix least-squares method
with anisotropic displacement parameters for all nonhydrogen
atoms. The positions of some H atoms were located in difference
electron density maps. The other H atoms were positioned geo-
metrically. The H atoms of the methyl groups were refined
isotropically in the rigid-body approximation. All calculations
associated with the structure solution and refinement were car-
ried out with the use of the Bruker SHELXTL Version 6.14 pro-
gram package. Selected bond lengths and bond angles are listed
in Table 1. The crystallographic characteristics and the X-ray
data collection and refinement statistics for the complexes are
given in Table 2.
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