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INTRODUCTION

Copper complexes of various compositions are cat-
alysts for many halohydrocarbon transformations, for
example, addition to a multiple bond [1], the metathesis
of the carbon–halogen bond [2], and alkyl halide
isomerization [3]. These reactions are generally charac-
terized by an extreme dependence of their rate on the
metal ion content [4–6] and on the ratio of the compo-
nents in the catalytic mixture [3, 4, 7] and by the exist-
ence of an induction period [7–10]. This is evidence
that catalysis by the copper complexes has a compli-
cated, multistep mechanism and that there may be a
considerable difference between the catalytic activities
of catalysts similar in composition and structure. For
instance, the existence of an induction period usually
indicates the formation of an active site directly
involved in the catalytic cycle from the catalyst precur-
sor. The duration of the induction period is determined
by the rate of this process. If the active site is rapidly
formed under catalytic reaction conditions, then no
induction period will be observed in the kinetic curves.

A maximum in the reaction rate as a function of the
total metal content under fixed conditions, primarily the
concentrations of the ligands and reactants, was
observed for heterogeneous [5, 6] and homogeneous
[4] catalytic radical reactions of halohydrocarbons,
such as C–Cl bond metathesis and 

 

CCl

 

4

 

 addition to a
multiple bond. The possible causes of this extreme
dependence arising from variations in the metal ion-to-
ligand concentration ratio ([M]/[L]) are the following:
(1) change in the coordination number of the central

ion, (2) change in the ratio between the ligand mole-
cules and the other possible complexing agents (solvent
and reactants) in the coordination sphere of the metal
ion, and (3) change in the nuclearity of the complex.

It was believed previously that a decrease in the
activity of the catalytic system with an increase in the
[M]/[L] ratio is primarily due to the third factor, i.e., the
increase in the proportion of high-nuclearity com-
plexes, which are less active than their mononuclear
counterparts [4, 5, 11]. However, no reliable proof was
obtained for this hypothesis.

In this work, we attempted to establish a correla-
tion between the number of copper ions in the com-
plex and its catalytic activity using, as an example,
C–Cl bond metathesis catalyzed by tributylbenzy-
lammonium chlorocuprates(II) of different nuclear-
ities, namely, 
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, respectively)
immobilized on the silica surface. This catalytic system
was chosen for the following reasons. Firstly, the coor-
dination number of chlorocuprates is always four,
regardless of the [M]/[L] ratio [12]. Secondly, there is
no chemical or coordinative interaction of the compo-
nents of the system (carbon tetrachloride, 

 

n

 

-alkanes,
and the hydroxyl groups of the Silokhrom surface) with
the copper(II) ion [13, 14]. In addition, we believe that
the immobilization of the complexes on the support
should retard the establishment of equilibrium [15, 16]
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Abstract

 

—Catalytic systems containing mainly mononuclear ( ) or dinuclear (

 

Cu

 

2

 

) tributylbenzyl-
ammonium chlorocuprates are prepared by adsorption on silica surfaces of different structures (Aerosil and

Silokhrom). Using ESR, XANES, and electronic spectroscopy, the  ions are shown to be reduced rap-
idly under conditions of C–Cl bond metathesis, whereas the dinuclear chlorocuprates are relatively stable. A
correlation between the number of copper ions in the chlorocuprate anion and its catalytic activity is estab-
lished: the mononuclear complexes are several times more active than their dinuclear counterparts.
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(I)

 

in the solution, resulting in the domination of the mono-
nuclear or dinuclear chlorocuprate species. This would
reveal the difference between their reactivities.

EXPERIMENTAL

Carbon tetrachloride (high-purity grade) was puri-
fied by distillation from 

 

P

 

2

 

O

 

5

 

, and 

 

n

 

-decane (high-
purity grade) was distilled from sodium metal. The
purity of organic substances was checked by GLC. The
purity of 

 

CCl

 

4

 

 was 99.9%, and the purity of 

 

n

 

-decane
was ~98% (2% is accounted for by the skeletal isomers
of decane). The chemicals were stored in an argon
atmosphere over molecular sieve 

 

4 

 

Å.
Anhydrous copper(II) chloride was prepared from

the crystalline hydrate 

 

CuCl

 

2

 

 

 

·

 

 2H
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O

 

 by azeotropic dis-
tillation with benzene [17]. Tributylbenzylammonium
chloride (
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) was syn-
thesized from equimolar amounts of tributylamine and
benzyl chloride by heating them in a sealed tube at
268 K for 24 h [18]. The resulting colorless crystals
were washed with benzene and dried in vacuo.
Silokhrom, which is a mesoporous silica support with a
uniform pore size distribution (mean pore diameter of
about 10 nm), a specific surface area of ~100 m

 

2

 

/g, and
an average pore size of ~0.4 mm, was heated to 

 

150°C

 

within 5 h under reduced pressure (

 

10

 

–3

 

 Torr) to remove
the adsorbed water. Aerosil (nonporous silica support
with a specific surface area of ~140 m

 

2

 

/g and a particle
diameter of ~10 nm) was dehydrated by the same
method. Dry substances were stored in airtight glass-
ware in vacuo.

The diffuse reflectance spectra of the supported
chloride complexes in the wavelength range from
400 to 700 nm were recorded on an SF-14 spectro-
photometer.

ESR spectra were recorded on an E-3 

 

X

 

-band radio
spectrometer (Varian) at 77 K. The 

 

g

 

 factor scale was
calibrated against a dilute solid solution of 

 

Mn

 

2+

 

 ions in
MgO (according to VNIIFTRI data, the effective values
of the 

 

g

 

 factors of the third and fourth components and
the splitting between them are 

 

g

 

3

 

 = 2.0328 

 

±
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4

 

 = 1.9812 
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 0.0002
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 G,
respectively) and a solution of copper(II) nitrate
(

 

10

 

−

 

3

 

 M) in the glassy matrix 
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 = 50 at 77 K
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[19]). The number of paramagnetic centers in the sam-
ples was determined by a comparative method using a

 

CuCl

 

2

 

 

 

·

 

 2H

 

2

 

O

 

 single crystal as a standard. The relative
accuracy of the determination of the number of 

 

Cu

 

2+

 

paramagnetic ions in the sample was 

 

±

 

10%

 

.
The Cu K-edge XANES spectra were recorded at

the EXAFS Station of the Siberian Center of Synchro-
tron Radiation. A VEPP-3 electron booster with an

2 R4N[ ]2
+ CuCl4[ ]2–

R4N[ ]2
+ Cu2Cl6[ ]2– 2 R4N[ ]+Cl–+

electron beam energy of 2 GeV and a current of 70–
90 mA was used as the radiation source. The X-ray
radiation energy was controlled using a Si(111) mono-
chromator. XANES spectra were recorded with
~0.2 eV energy increments using a special-purpose cell
in the transmission and fluorescence modes in an inert
atmosphere.

The copper(II) chloride complexes were immobi-
lized on the silica supports as follows. Copper(II)
dichloride (0.036 g) and R4N+Cl– (0.315 g) were dis-
solved in chloroform (30 ml). The support (Aerosil or
Silokhrom, 20 ml) was added to a solution containing
CuCl2 and R4N+Cl– (8.9 × 10–3 and 3.37 × 10–2 mol/l,
respectively; [Cl–]Σ : [Cu(II)]Σ = 5.8), and the mixture
was stirred for 1 h and was left to stand for 24 h. Next,
the support with the adsorbate was separated from the
solution by filtration and was dried in an inert atmo-
sphere. The copper content of the catalyst supported on
Aerosil and Silokhrom was determined by the titrimet-
ric method [2] to be 0.42 and 0.74 wt %, respectively.

In order to carry out the metathesis of the C–Cl bond
and obtain the corresponding kinetic profiles, a hetero-
geneous catalyst (silica-supported quaternary ammo-
nium chlorocuprate, 0.1 g) and a mixture of the reac-
tants (CCl4 : n-decane = 1 : 10) were loaded into a glass
tube and the tube was sealed and heated to a preset tem-
perature. The samples were predegassed by multiple
cycles consisting of freezing to 77 K, pumping to
10−3 Torr, and thawing at room temperature. As was
found earlier [20], these experimental conditions
ensure that the reaction is kinetically controlled. One
hour after the beginning of the reaction, the tubes were
unsealed in a chamber filled with dry argon and were
placed in cells for spectral measurements and XANES
analysis. ESR spectra were recorded in the absence of
the reactants in sealed ESR tubes placed in a thermostat
(temperature control accuracy of ±1 K) at 423–448 K.
At certain intervals, the tubes were cooled to 77 K and
placed in the ESR spectrometer.

The starting liquid substances and reaction solu-
tions were analyzed on an LKhM chromatograph
(model 3700) equipped with a flame-ionization detec-
tor. The components of the mixture were quantified
versus the total amount of all stoichiometrically
related components.

RESULTS AND DISCUSSION

Structure of the Chlorocuprates on the Silica Surface

In order to determine the composition and structure
of supported tributylbenzylammonium chlorocuprates,
the copper(II) chloride complexes on supports with the
same chemical composition but different surface struc-
tures and porosities (nonporous Aerosil and mesopo-
rous Silokhrom) were studied by electronic spectros-
copy, ESR, and XANES.

The diffuse reflectance spectra of the supported
tributulbenzylammonium chlorocuprates are shown in
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Fig. 1. In these spectra, one can distinguish two absorp-
tion bands with maxima at 410 and 480 nm, which are

due to n  d transitions in the  and Cu2

anions, respectively [12, 15, 16]. A comparison
between the band intensities shows that mononuclear-
to-dinuclear chlorocuprate ratios on the two different
silica supports are different: the mononuclear chlorocu-

prate [R4N [CuCl4]2– dominates on Aerosil (Fig. 1,
curve 1), while Silokhrom is dominated by the dinu-

clear complex [R4N [Cu2Cl6]2– (Fig. 1, curve 2). The
absence of absorption at 600–700 nm, which is typical
of d  d transitions in copper complexes with oxy-
gen- and nitrogen-containing ligands [21, 22], is evi-
dence that the silanol groups on the silica surface do not
enter the first coordination sphere of the Cu(II) ions.

The ESR spectra of the supported tributylbenzylam-
monium chlorocuprates are shown in Fig. 2. The spec-
trum of the complexes on the Aerosil surface (Fig. 2,
curve 1) is characterized by an axially anisotropic g ten-

sor, whose components have effective values of  =

2.43 ± 0.01 and  = 2.076 ± 0.005, and by an unre-
solved hyperfine structure (HFS) in the region of g||.
The ESR spectra of Cu(II) complexes containing chlo-
ride anions and oxygen atoms of water hydroxyl groups
in their first coordination sphere show a well-resolved
HFS in the g|| region [23–25]. Therefore, the absence of
an HFS in the spectra presented in Fig. 2 suggests that
the oxygen atoms of the silanol groups do not enter the
first coordination sphere of the copper(II) ions. In addi-
tion, curve 1 in Fig. 2 is similar to the spectrum of the
tetrachlorocuprate anion, which, in weakly polar
media, is a tetragonally distorted tetrahedron with D2d

CuCl4
2– Cl6

2–

]2
+

]2
+

g||
eff

g⊥
eff

symmetry [15]. The fraction of Cu(II) ions detectable
by ESR is about 85% of their total amount. It was
shown earlier that the dinuclear chloride complex

Cu2  in similar systems is undetectable by ESR
[15]. Thus, the results obtained by ESR agree with the
electronic spectroscopy data. They indicate that the
dominant copper species stabilized on the Aerosil sur-
face is the mononuclear copper(II) chloride complex

.

Conversely, the complexes adsorbed on Silokhrom
contain about 60% Cu(II) ions undetectable by ESR.
We believe that these ions are present as the dinuclear

chlorocuprate Cu2 . This does not contradict the
diffuse reflectance data. Spectrum 2 in Fig. 2, which is
due to the copper(II) complexes on Silokhrom, is likely
a superposition of two spectra: one of them is similar to

the spectrum of the  complex (point group D2d)
stabilized on Aerosil, and the other (spectrum 3), char-
acterized by the triaxial anisotropy of the g tensor, can
be obtained by the subtraction of the spectrum of

 (Fig. 2, curve 1) from the initial spectrum. The
components of the g tensor of the difference spectrum
have the following values: g1 = 2.244 ± 0.005, g2 =
2.183 ± 0.005, and g3 = 2.024 ± 0.005. Presumably, this

signal can arise from the  anion with a lower
symmetry of the coordination environment.

Independent information on the coordination sym-
metry and oxidation state of the metal complexes was
obtained by the XANES method [26, 27]. The Cu

Cl6
2–

CuCl4
2–

Cl6
2–

CuCl4
2–

CuCl4
2–

CuCl4
2–
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1

Fig. 1. Diffuse reflectance spectra of tributylbenzylammo-
nium chlorocuprates supported on (1) Aerosil and (2)
Silokhrom.

360032002800
H, G

3

2

1

Fig. 2. ESR spectra of the chlorocuprates recorded at 77 K:
(1) Aerosil surface (sample weight of 0.013 g) and (2)
Silokhrom surface (sample weight of 0.022 g). Spectrum 3
was obtained by the subtraction of spectrum 1 from spec-
trum 2.



740

KINETICS AND CATALYSIS      Vol. 49      No. 5      2008

GOLUBEVA et al.

K-edge XANES spectra of the supported chlorocu-
prates are shown in Fig. 3. They are similar to the spec-
tra of crystalline chlorocuprates [28, 29] and character-
ized by intense absorption due to the dipole-allowed
transition 1s  4p in the copper(II) ion and by a low-
intensity band at 8975–8980 eV corresponding to the
forbidden transition 1s  3d. The absence of an
intense signal with a maximum at ~8984 eV due to the
1s  4p transition in the Cu(I) compounds [5, 30]
indicates that almost all copper ions in the starting sam-
ples are divalent. The higher intensity of the 1s  3d
forbidden transition at 8980 eV in the complexes sup-
ported on Silokhrom indicates a considerable distortion

of the  anion [28], which is in agreement with
the ESR data.

Thus, our results show that the Aerosil surface is
dominated by the mononuclear chlorocuprate

[R4N [CuCl4]2–, whereas the Silokhrom surface is

dominated by the dinuclear complex [R4N [Cu2Cl6]2–.
In both cases, the hydroxyl groups of the silica surface
are not included in the first coordination sphere of
copper.

The different behaviors of the supports of the same
chemical composition are likely due to the difference
between the structures of their surfaces. Equilibrium is
rapidly established on the nonporous Aerosil particles
upon the adsorption of the chlorocuprates from the
solution. At the same time, the Silokhrom surface is a
system of branched pores from which the mother liquor
cannot be removed by filtration, and, hence, the chloro-
cuprates are adsorbed only with gradual solvent evapo-
ration, which can shift equilibrium (I).

CuCl4
2–

]2
+

]2
+

Reactivity and Catalytic Activity of the Chlorocuprates 
Immobilized on the Silica Supports

As was stated above, the chlorocuprates can serve as
catalysts of C–Cl bond metathesis, for example,

CCl4 + C10H22  CHCl3 + C10H21Cl. (II)

This reaction is a multistep chain radical process
including several catalytic redox steps [4, 5, 31]. When
the initial catalyst is a copper(II) complex, another step
appears, specifically, the reduction of the metal ions
under the reaction conditions [4, 5, 31]:

Cu(II) + Red  {Cu(I)}, (III)

where Red is the reducing agent. The reactants, ligand,
counterion, or other components of the catalytic system
can act as reducing agents, and the rate of this step
determines the duration of the induction period.

It was demonstrated earlier that the Cu(II) ions are
reduced rapidly (within 5–10 min) to Cu(I) under the
conditions of catalytic C–Cl bond metathesis (T = 433–
453 K) in solutions of tributylbenzylammonium chlo-
rocuprates in chloroform. This reduction also occurs in
the absence of the substrates, namely, n-decane and car-
bon tetrachloride [5]. It was assumed, but not proved,
that the counterion is the reducing agent.

For this reason, we studied the heat-induced trans-
formations of the quaternary ammonium chlorocu-
prates stabilized on the silica surface without other
reagents. The heating of the tributylbenzylammonium
chlorocuprates supported on the Aerosil surface to
423 K results in the disappearance of the n  d tran-
sition band in the electronic spectrum accompanied by
a visually observable decrease in the intensity of the
sample color. The intensity of the ESR signal decreases
simultaneously (Fig. 4, curve 1). As the tributylbenzy-
lammonium chlorocuprates supported on Silokhrom
were heated, the ESR signal from the tetrachlorocu-
prates also weakened (Fig. 4, curve 2). However, the
color of the sample and its intensity remained almost

900089808960
E, eV

(‡)

A
bs

or
ba

nc
e

900089808960

(b)

Fig. 3. The Cu K-edge XANES spectra of the chlorocuprates adsorbed on (a) Aerosil and (b) Silokhrom.
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unchanged and the band at 480 nm, which is due to the

dinuclear chlorocuprate [R4N [Cu2Cl6]2– remained in
the electronic spectrum. The XANES spectra also
remained almost unchanged. Therefore, the paramag-
netic mononuclear tetrachlorocuprate is reduced on the
silica surface upon heating, whereas the diamagnetic
dinuclear complex is almost irreducible under these
conditions.

The accumulation curves of the product of C–Cl
bond metathesis (chlorodecane) in the presence of the
tributylbenzylammonium chlorocuprates supported on
Aerosil and Silokhrom are presented in Fig. 5. All of
them indicate an induction period. In our opinion, this
is due to the reduction of the Cu(II) complexes under
the reaction conditions and the formation of catalyti-
cally active and sterically unhindered Cu(I) complexes
on the Aerosil surface.

The chlorocuprates on the Silokhrom surface are
stabilized mainly in dimeric form and are almost irre-
ducible under the reaction conditions. In our opinion,
this is the cause of the low rate of the catalytic process.
In addition, the lower catalytic activity of the mononu-
clear copper complex on Silokhrom as compared to the
similar complex on the Aerosil surface can be due to the
steric screening of the active sites by other species, for

example, the Cu2  anion.

Thus, the nuclearity of the copper(II) complexes at
the stage of their reduction and active site formation is
the most important factor determining the reactivity of
the chlorocuprates: the mononuclear tetrachlorocuprate

 is several times more reactive than the Cu2

anion. A similar situation was observed in the similar
reduction of the Cu(II) monoacetaes and diacetates by
organic radicals: the rates of the process involving the

]2
+

Cl6
2–

CuCl4
2– Cl6

2–

mononuclear and dinuclear complexes differed by
more than five orders of magnitude [32]. The results of
this work additionally confirm that the redox properties
of the copper complexes depend on their nuclearity.
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