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Ohgomeric linear copper-containing diorganostloxanes with a variable Cu : Si ratio and
branched Cu- and Ni-contaiming organosiloxanes coniaining the y-aminopropyl group at the
St atom were investigated. 1R spectroscopic studies demonstrated that the distribution of metal
atoms throughout the metallositoxane chain n compounds with a high metal content
(M Si = 2) s rather uniform. According to the data from electronic spectroscopy, compounds
under study are complexes of metal ions characterized by d—d transitions and an octahedral
configuration of the coordination units. The Cu® and Ni" ions are coordinated by the NH,
groups primarily through interchain interactions. ESR spectroscopic studies demonstrated that
the Cu" tons are located predominantly in the main chain 1o form —-Q—Cu—0O— f{ragments.
The coordination polyhedron changes from a nearly planar square (in the solid phase) to un
elongated tetragonal bipyramid (in solution). The spectral parameters of the Cu-containing
oligomer containing the v-aminopropyl group at the Si atom indicate that the N atoms of the
amino groups are located in the equatorial plane of the Cu-containing coordination polyhedron.
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Organometallosiloxanes (OMS) are compounds con-
taining RSi—O0—M—0 fragments. The available proce-
dures for the synthesis of OMS allow one to introduce
atoms of different metals into the sitoxane chain and to
obtain compounds in which the Si : M ratio varies over a
wide range. Recently. OMS containing transition metal
atoms have been extensively studied as catalytic systems
in organic synthesis.1-5

The catalytic properties of metal oxide clusters in
OMS depend both on the nature of the metal atom and
on their structural parameters, which are determined by
the degree of rigidity of the siloxane matrix. Studies of
the catalytic properties performed so far have been
devoted to compounds in which the metal atom s
involved cither in the framework structure of individual
crystal compounds or in the structure of rigid-chain
OMS constructed from trifunctional organosilicon frag-
ments RS10| 5. No analogous studies were carried out
for compounds in which metal atoms are involved in
linear flexible-chain siloxane fragments or for com-
pounds containing a polar organic group at the Si atom.
Therefore, one would expect that flexible-chain frag-
ments that fink metal atoms and polar groups at the Si
atom will lend fresh features 1o the process of formation

of metal oxide clusters. In the case of linear OMS. the
presence of two substituents at the Si atom hinders the
formation of framework structures typical ot mono-
organo-substituted OMS containing cyclofused frag-
mentsS; instead, the resulting compounds should have
chain structures containing —R 38510 —M~—0O— fragments
in which the coordination sphere about the metal atom
is supplemented by the O atoms of the adjacent chains.
The bonds that formed should be more labile than those
in framework structures, thus favoring coordination of
the reagents in catalytic processes. In compounds con-
taining the functional group in the organic radical at the
Si atom, the metal atom can be coordinated by the
heteroatom of the functional group. Structural studies of
this type of compounds are of interest because they will
aid in revealing correlations between the structural fea-
tures of OMS and their catalytic activitics. In the present
work, the structures of a series of OMS of the above-
mentioned two 1ypes were investigated.

Results and Discussion

The metallosiloxane group was constructed accord-
ing to a general scheme of the exchange reaction of
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Table 1. Compositions of organometallostioxanes

Compound Fragment of ™M N Si M Si Yield
the OMS unit % (%)
1 —{MeyS5i—0)q 5—Cu—0— 55.1 - 121 2.0 220
2 -~{Me,5—0)3 —Cu—0— 200 - R 0.31 61.0
3 ~~(Ph,5i—0)g 4—Cu—0— 398 -—- 70 2.5 4.7
4 —~(Ph,Si—0), 5—Cu—0— 1.0 - 124 036 6.9
5 —~(Ph,S$—0); —Cu~-0— 6.3 . 13.0 0.21 10.4
6 ~—[H2N(CH2)3S|1—O]2—7;CLJ—O~— 20.2 9.2 18.6 0.48 731
0
|
7 —{H,N(CH,),51=0l55Ni—0~ 19.8 9.1 18.9 0.5 814
0

akall metal organosilanolates with transition mertal ha-
fides:

| |
RS]i-—OM - HalM'— — RSIi-—OM'— + MHal

where M is an alkali metal and M7 is a transition metal.

Linear OMS (1—5) were prepared starting from di-
potassitm or disodium retraorganodisiloxancdiolates
MO—SiR,—0—SiR,—0OM. The exchange rcactions were
accompanicd by rearrangement? giving rise to OMS with
a variable M @ Si ratio. Branched OMS (6 and 7) were
prepared from the sodium salt of polysiloxane containing
the v-aminopropy! group at the stlicon atom. viz,
JHAN(CH;):S1H{O)ONa],. The compositions of the rc-
sulting compounds are given in Table |

The IR spectra of the resulting OMS are shown tn
Fig. 1. The spectral bands were identified based on the
data reported previously.3 The spectra of compounds 1
and 2 have absorption bands at &10 and 730 cm™i,
which confirm the presence of the Si—Me group. The
spectra of hnear copper-containing diorganosioxanes
3—5 have a narrow intense absorption band at
1130 cm™!, which is indicative of the presence of the
Ph—Si group, and absorption bands at 720 and 680 cm™!
betonging to vibrations of the monosubstituted benzene
ring. The spectra of branched OMS 6 and 7 have
absorption bands at 3380 cm™! (symmetric stretrching
vibrations of the NH; group) and 730 em™! (wagging
vibrations of the NHj; group). Vibrations of the Si—0—Si
groups (in the region of 1100—1030 cm™!) are observed
tor compounds 2 and 4—7. characterized by a low metal
content (M : Si < 0.5). The Si—-O—M fragment gives a

well-resolved signal {at 980—930 cm™!) in the spectra of

compounds 1 and 3, with a high metal content
(M : Si 2 2). The absence of absorption bands character-
istic of Si—O—Si groups in the spectra of these com-
pounds indicates that the distribution of metal atoms
throughout the chain is rather uniform; otherwise frag-
menis with a predominant concentration of Si—0-—-Si

and Cu--O-Cu groups should be observed, which should
be reflected in the spectral patterns.

The electronic spectra (Table 2) of linear copper-
containing oligodiphenylsitoxanes 3—5 have only one
band in the red region. The position of this band de-
pends only slightly on the composition of the polymer.
The i and ¢ values are typical of d—d transitions in the
Cu' jon possessing the d¢? electron shell and located in a
distorted octahedron.?-3 The spectral parameters of
nicket-containing compound 7 correspond to the' six-
coordinate Nit ion with the d® electron shell !

In the spectra of copper- and nickel-containing oli-
gomers 6 and 7, the band corresponding to the metal ion
1s regularly shifted as the concentration of these ions in
solutions decreases. It is known® that the gradual re-
placement of 4 nitrogen-contaiming ligand involved in

L )
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Fig. 1. IR spectra of compounds 1—7.
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Table 2. Data from UV spectroscopy for compounds 3—7 (in
butanol—toluene solutions)
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* The & values were calculated per mole of metat.

the coordination sphera about the metal atom by an
oxygen-containing ligand results in a low-frequency shift
of the corresponding bands. An analogous effect, viz.,
shift to the low-frequency region as the concentration of
oligomers 6 and 7 in solutions decreases (see Table 2),
indicates that the coordination of the Cu" and Ni" ions
by the NH, groups occurs primarily due to interchain
interactions whose contribution depends on the concen-
tration of OMS. Therefore, intramolecular coordinaton
to form a chelate ring (of tvpe A), which is seemingly
quitc probable, 1s not realized 1n the case under consid-
eration.

Some charactenstic features R O—
of the copper-containing oligo- \Si/
mers were revealed from analy- 0~
sis of their ESR spectra (Fig. 2). C/u
The parameters of the spin- \o/ "\in

Hamiltonian calculated from
these characteristics are given in
Table 3.

The ESR spectrum of powdered compound 3 is
characterized by triaxial anisotropy. which is indicative

i
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Fig. 2. ESR spectras A, CuCl; (jCu} = 5-1073 mol L") in
MeOH: 3°, in Bu"OH; 3", as a powder; 6, as 2 powder (A. 3°.
and 6 at 77 K. 3" at 298 K)

Table 3. Parameters of the ESR spectra of organometallo-
stloxanes at 77 K (at 298 K, a solution in Bu'OH)

Compound A.x0.3/mT & et " 25 (g)”
3 — 2.247 2.190 2.048
3 - 2.247 2,191 2.033
6 17.1 2.263 - 2,093
3 13.7 2.333 - 2.084
CuCl, in MeOH 16 2.418 — 2.094
CuCly- 2H,0 10 - 2252 2187 2.037
CuS0,-5H,0 10 — 2.264 2.233 2.083

= g£0.003.

both of the nonequivalence of the ligand O atoms
located along the x and y axes and of possible substantial
distortion of the coordination sphere about Cu". Disso-
lution of compound 3 in n-butanol led to substantial
changes in composition and structure of the coordina-
tion polyhedron about the Cu' ion. The ESR spectrum
at 77 K (see Fig. 2) is a superposition of signals of two
types possessing axial symmetry (i.e., equivalent coordi-
nation of the atoms of the ligands in the equatorial plane
of the complex occurs). The spectral parameters (see
Table 3) correspond to the structure of an elongated
tetragonal bipyramid.1»13 The A, and g, values for the
major portion of paramagnetic Cu' centers in a solution
of 3 characterize copper complexcs which can be repre-
sented as —Si—0—Cu—0O—Si— fragments. The posi-
tions of the ESR lines for the complexes of the second
tvpe {these lines in the spectrum shown in Fig. 2 are
marked with asterisks). whose portion 15 no higher than
15-20% of the total amount of the paramagnetic cen-
ters in the sample, coincide with the positions of the
lines for the CuCl, complexes in methanolic solutions.
We believe that the complexes of the second type are
actually —Si—~0O--Cu(HOR), compounds in which the
O atoms of the sioxane groups are located in axial
positions. 1t should be noted that the experimental 4,
and g, values (see Table 3) indicate that the coordination
spheres about the Cu' ions contain H,0 molecules, 1415
which are generally present in small amount in MeQH.

It is quite apparent that dissolution of compound 3 in
Bu"OH leads to a change in the character of the ESR
spectra. The spectra of powdered 3 are analogous to those
of many Cu?* salts, for example, of CuSOy - 5H>0 and
CuCl,* 2H,0,1% and indicate that the solid compounds
under study are characterized by a high local concentra-
tion of Cu" ions. In solutions with an average concentra-
tion {Cu} = 5- 1072 mol L', the samples become mag-
netically dilute and the ESR spectra correspond to iso-
lated mononuclear complexes in which the vacant posi-
tions in the coordination sphere of the —O—Cu—0—
fragment are occupied by solvent molecules.

The ESR spectrum of oligomer 6 is characteristic of
complexes with the octahedral ligand environment about
the Cu" ions (see Fig. 2). Large widths of the compo-
nents of the spectrum are indicative of strong magnetic
dipole-dipole interactions between copper ions. Based



1792 Russ. Chem. Bull., Int. Ed.. Vol 49, No. 10, Ocrober, 2000

Levitsky er al.

on an increase in the A, parameter with a simultaneous
decrease in the g, value. it can be stated with assurance
that the N atoms of the amino groups (see Table 1) are
present in the equatorial planc of the coordination poly-
hedron.16.17

Comparison of our results with the data reported
previously3 shows that the uniform distribution of the
metal atoms over the siloxane matrix and the UV spec-
tral characteristics corresponding to d—d transitions in
the Cu' ion rematn unchanged on going from rigid-
chain OMS to compounds in which the metal atoms are
linked through linear siloxane bridges. Differences are
observed in the structural characteristics of the coordi-
nation unit. In the former case (rigid-chain OMS), the
configuration is a nearly planar square with two addi-
tional O atoms remote along the 7 axis. In the latter case
(flexible-chain OMS). the O atoms located along the x
and y axes are nonequivalent. In ¢his case, the coordina-
tion polvhedron is labile and changes from a distorted
octahedron to a tetragonal bipvramid upon dissolution.
It was also established that the amino group is coordi-
nated to the metal atom primarly through interchain
interactions. The N atom is involved in the coordination
sphere about the metal atom and 15 located in the
equatorial plane of the polvhedron. The above-men-
tioned structural features should be taken into account
in studies of catalytic properties of the systems prepared
in homogencous and heterogencous catalytic reactions.

Experimental

The 1R spectra were recorded on a Specord M-82 spec-
trograph in Nujol mulls between KBr plates. The UV spectra
were measured on a Specord M-30 spectropiotometer in the
range of 300—900 nm for solutions of compounds in a bu-
tanol—toluene mixture (1 - 1. v/v; the concentrations of the
solutions are given in Table 2).

The ESR spectra were recorded on a Varian E-3 radio-
spectrometer (3-cm range) using 4.0 mm-diameter thin-walled
quartz tubes a1 77 and 298 K.

The precise calibration of the magnetic ficld was performed
using diphenvlpicrythydrazyl (¢ = 2.0036) and Mn?* ions in an
MgO matrix as the standards. The principal values of the g
tensor (g and g, ), the constants of hyperfine interaction (A of
the unpaired electron with the nucleus of the copper ion. and
the g, g:. and g; values for the complexes possessing triaxial
anisotropy were determined from the ESR spectra according to
a procedure reported previously. ' The number of paramagnetic
centers in the samples was determined using double integration
of the ESR spectra relative 10 the auxiliary standard, viz., a
single crystal of CuSO, - H,0 with the known spin content.

Disodium and dipotassium tetraorganodisiloxanediolates,
which were used as the starting compounds for the preparation
of linear copper-containing OMS. were synthesized according
to procedures reported previously. '?2% The exchange reactions
of alkali metal organosilanolates with copper halides were per-
formed as described previously 21 A solution of CuCly (1.35 g)
in BuOH (10 mbL) was added with stirring to a solution of
dipotassium tetramethyldisiloxanedialate (2.43 g. 10 mmol) in a
mixture of BuOH (10 mL) and toluene (15 mL). In the course
of addition, the pH of agqueous extracts of aliquots withdrawn

from the reaction mixture was monitored. After the reaction
mixture became neutral, it was stirred tor 1 h, filtered from
KCI. and concentrated to one-half of the initial volume in
vacuo. The precipitate that formed was washed with cold bu-
tanol and dried in vacro. Compound | was obtained in a yield
of 0.3 g (22%). Found (%) Cu, 53.1: Si. 12.1. Heptane
(twofold volume) was added to the solution obtained after
separation of compound f. The precipitate that formed was
filtered off and dried in vacuo. Compound 2 was obtained in a
vield o 1.4 g (61%). Found (%) Cu, 20.0: Si. 27.4.

The reaction of disodium tetraphenyldisitoxanediolate
(4.58 g, 10 mmol) with CuCl- (1.35 g, 10 mmol) was carned out
analogously. The reaction solution was concentrated in vacuo
and the precipitate that formed was filtered off. Compound 3
was obtained in a yield of 0.7 ¢ {14.7%). Found (%) Cu, 39.8;
Si. 7.0. Heptane (equal volume) was added to the solution
remained afier separation of compound 3. The precipitate that
formed was filtered off and dried in vacun. Compound 4 wus
ohtained in a yield of 2.9 ¢ {(60.9%). Found (%) Cu, 10.0;
Si, 124, Heptane (twofold voiume) was added to the solution
obtuined after separation of compound 4. The precipitate that
tormed was filtered off and dried in vacwo. Compound 5 was
obtained in a vield of 0.5 ¢ (104%). Found (%) Cu, 6.3;
Si, 13.0.

Branched copper- and nickel-containing OMS bearing the

s~aminopropyl group at the Si atom were prepared according to

a known procedure. 22 Water (0.34 2, 30 mmol) and NaOH
(0.4 g. 10 mmol) were added 1o a solution of HaN(CH»)3S1(OEL),
{2.2 2. 10 mmoly in a mixtuee of butanel (10 mL) and toluene
(10 mL). The reaction mixture was stirred for 0.3 h. after which
the alkali completely dissolved and the solution became homo-
aencous. A solution of CuCly (0.67 2, 3 mmol) m butanol
(10 mL) was added with surning to the reaction mixture. In the
course of addition, the pH of agueous excracts of aliquots
withdrawn from the reaction mixture was monitored. After the
reaction mixture becarme neutcal, it was stiered for 1 h, filtered
from NuCl, and concentrated to one-hail of the initial volume in
voco on a2 hot water bath. The precipitate that formed was
washed with cold butanol and dried in vacue. Compound 6 was
obtained in a yield of 1.13 g (75.1%). Found (%): Cu, 20.2:
N. 9.2: Si. 18.6. Compound 7 was obtained analogously from
HyN(CH3SI(OED) 1 (2.2 ¢, 10 mmol). water (0,54 g, 30 mmol).
NaOH (0.4 g, 10 mmol), and CuCl, (0.67 g, 5 mmol) in a yield
of 1.77 g (81.4%). Found {%) N, 9.10 Ni, 19.3; 81 189,
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