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Supported complexes of cupric chloride with DMF 
as catalysts in the reaction of CCI 4 with n-decane* 
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The complex of cupric chloride with DMF immobilized on the surface of silica gel 
exhibits high catalytic activity in the reaction of tetrachloromethane with n-decane. The fact 
that the reaction is inhibited by phenols and oxygen implies that it occurs by a radical 
mechanism. The immobilized catalyst that contains copper atoms connected through chlo- 
rine bridges and organic donor ligands is the most effective. 
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Po lynuc lea r  b r idged  complexes  of  c o p p e r  can  be 
regarded as func t iona l  analogs  of  the  ac t ive  sites of  
c o p p e r - c o n t a i n i n g  enz~wnes. I These  complexes  are m u c h  
more  active as ca ta lys ts  in m a n y  organic  reac t ions  in-  
c luding syntheses  and  t r ans fo rma t ions  o f  ha lo -de r iva -  
tives, z The  i m m o b i l i z a t i o n  of  complexes  of  th is  type on  
the surface of  i no rgan ic  suppor ts  makes  it possible to 
stabil ize the  mos t  act ive s t ruc tures  and to con t ro l  the i r  
catalytic ac t iv i t i e s )  In part icular ,  the  use o f  he te rogen ized  
po lynuc lea r  c o p p e r  complexes  with amides  m a d e  it pos-  
sible to accompl i sh  reac t ion  in the CC14- -a lkane  sys- 
tems,  which  can  be regarded as ch l o r i na t i on  of  a lkanes  
with t e t r a c h l o r o m e t h a n e  4 

CH a+RH ~ CHCI 3+RC1. 

In the  p resen t  work,  we have s tudied t he  catalyt ic  
c h l o r i n a t i o n  of  n - d e c a n e  with CCI 4 in t he  p resence  of  
copperQI)  complexes  wi th  D M F  suppor ted  on  silica gel. 
C o m p l e x e s  of  copper(H) with D M F  appea r  to  be p r o m -  
ising h o m o g e n e o u s  precursors  of  eff icient  catalysts,  be-  
cause m o n o n u c l e a r  neu t ra l  complexes  o f  C u  II a r e  still 
u n k n o w n  even in pure  D M F .  s Complexes  of  copper(H) 
with pyr id ine  are n o r m a l l y  m o n o n u c l e a r ;  p r epa ra t i on  o f  
ana logous  po lynue l ea r  s t ruc tures  requires  the  use of  
more  c o m p l i c a t e d  p rocedure s  t han  those  used in the  
case o f  D M F .  6 The  n u m b e r  of  Cu  a toms  in po lynuc lea r  
complexes  can va~ '  f r om two to four. T h e  fo rma t ion  of  
he t e ro va t en t  associates  and  complexes  c o n t a i n i n g  O at-  
oms also c a n n o t  be ru led  out.  C o m p l e x e s  of  Cu 11, for  
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example,  the  complex  of  c o m p o s i t i o n  (CuCl2) ,  �9 (DMF)4 ,  
can  be easily syn thes ized ,  ident i f ied ,  and  fixed on  the 
surface of  var ious  supports .  

Experimental 

Anhydrous copper00 chloride was prepared by azeotropic 
drying of the corresponding crystal hydrate. 7 The complex 
(CuC12) 2 �9 (DMF)4 was synthesized by the known procedure. 8 
Granulated silica gel with a specific surface area of 250 m 2 g-I 
and an average pore radius of 50 ]~ containing no iron ions was 
used as the support. Silica gel was placed in a solution of the 
complex in chloroform, and the mixture was allowed to stand 
for 24 h. Then the granules of the catalyst (catalyst 1) were 
exposed to air for an additional 10 h until the solvent was 
completely evaporated. This material contained 3 % (w/w) 
copper. Catalyst II was prepared by keeping catalyst I at 
10 -3  Tort and at 433 K; catalyst l l I  was obtained by applying 
CuC12 on ,/-aminopropyl silochrome (with a specific surface 
area of 35 m 2 g-i  and a concentration of NH 2 groups of 
0.08 mmol g-t) ;  CuCI~ was applied from a 5% solution in 
ethanol. The content of-copper was 6.2%. Kinetic experiments 
were carried out in sealed glass ampules at a pressure ranging 
from 8 to 10 atm. 9 The volume of the gas phase was approxi- 
mately-equal to the volume of the solution. In some of the 
experiments oxygen was removed from the solution and from 
the surface of the catalyst by repeating the "freezing to 77 K-- 
evacuation to 10 -3 Tort--thawing to 20 ~ cycle many times. 
When ionol was used as the inhibitor, the ionol : copper molar 
ratio did not exceed 0.1, which made it possible to rule out the 
effect of complex formation between the catalyst and ionol on 
the catalytic activity. The reaction products were analyzed by 
GLC on 3700 and Chrom-5 chromatographs with a flame 
ionization detector (the length of the columns was 2.5 m, 
SE-30 (5%) and PEG-1000 (10%) were used as stationars' 
phases, and Chromaton was used as the support; the tempera- 
ture was programmed as follows: T 1 = 238 K (3 n-tin), T~ = 
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393 K (10 rain)). The temperature of the detector was 423 K. 
The reaction products were identified using reference com- 
pounds; quantitative analysis was carried out by the method of 
internal normalization. The sensitivity of the detector was 
determined with respect to CC14--chloroform standard mix- 
tures with variable ratio of the components. IR spectra were 
recorded in the 4000--200 cm-" range on Specord M80 and 
Specord M82 instruments for pellets with KBr and for suspen- 
sions in vaseline oil. The ESR spectra of the supported com- 
plexes were recorded on a Varian E3 spectrophotometer. 

Results and Discussion 

The reaction of  CC14 with n-decane was carried out 
at 433 K; the CCI 4 : decane molar ratio was 4 : 1 and 
the content of  catalyst I was 10 % (w/w). The major 
(>99%) product of  transformation of CC14 is chloro- 
form; traces of  d ich loromethane  are also formed. 
n-Decane is mostly convened into secondary, mono- 
chlorodecanes and l-chlorodecane;  the latter compound 
is formed in small quantities, not exceeding 3--5% of 
the overall amount of  the products. When the degree of 
conversion is high, mixtures of isomeric dichlorodecanes 
and traces of hexachloroethane are also formed. The 
solution remains transparent even when the degree of 
conversion of decane is close to 70%; no significant 
resmification is observed, and copper complexes do not 
pass into the solution. The material balance was calcu- 
lated from the equations 

[C10H22]0 - [010H22] = E[CloH21CI  ] + ' r [CloH20C[2],  

[CCI4] 0 - [CCI4] = [CHCI3] + Z[C.~0H2~CI ] + 2 F[CloH20CI2] 

taking into account that [C2C16] << [CHC13] is obeyed 
with an accuracy of 4-2% for degrees of conversion of 
the alkane of  up to 70%. 

The known previous attempts to carry" out a similar 
reaction in the CCl4--cumene  system with thermal 
(500 K) or photochemical  initiation have been less suc- 
cessful, ~~ because, in addition to chloroform and prod- 
ucts of  chlorination of the side chain of  cumene, the 
reaction yielded substantial amounts of HCI, dicumyl, 
and other condensation products as well as products of 
chlorination of  the nucleus. 

Figure 1, a shows a typical kinetic curve for the 
reaction, rM'ter the initial induction period, the reaction 
accelerates and then, at large degrees of conversion, it 
sharply decelerates. 

The effect of  the composit ion and structure of the 
catalyst can be clearly followed by juxtaposing the varia- 
tion of  the reaction rate with the variation of the IR 
spectra of the catalyst during the process. It can be seen 
from Fig. 2 that, in addition to the absorption bands 
corresponding to the support (marked by asterisks), the 
spectrum contains an intense compound band with a 
maximum at 1670 cm -1 associated with the stretching 
vibrations of the C=O bond in the D M F  incorporated in 
the complex. II According to a previous publication) ! a 
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Fig. 1. a, Kinetic curves for the accumulation of chloroform 
in the decane--CCl4 system at 433 K without additives (]), in 
the presence of 0.1% ionol (2), and in the presence of 02 (3). 
b, Time variation of the proportion of" DMF in catalyst I. 
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Fig. 2. IR spectra of catalyst 1. 

similar band is observed in the spect rum of the crystal- 
line complex (CuCI?)2" (DMF) 4. 

In the low-frequency region, t h e  IR spectrum exhib- 
its bands with maxima at 226, 270,  and 290 cm -l .  The 
former two bands can be assigned to the stretching 
vibrations of the bridging Cu--C1 bonds,  while the latter 
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band can be attributed to the terminal Cu--CI bond. 5 
This makes it possible to believe that the binuclear unit 
consisting of copper atoms is not destroyed upon immo- 
bilization of the complex. 

During the first minutes of the reaction, the content 
of DMF in the supported catalyst sharply decreases (see 
Figs. I, b and 2). In addition to the band at 1670 cm - t ,  
absorption in the 1660--1655 cm -1 region, t;yq0ical of 
(CuC12) 2 �9 (DMF) 4 and of other bridged Cu II complexes 
with DMF, is observed. Simultaneously, the reaction 
sharply accelerates. Possibly, more active new com- 
plexes including those containing copper ions in differ- 
ent oxidation states are formed on the surface. 

Under the conditions of homogeneous catalysis by 
the dissolved complex of Cu H with DMF, the reaction 
affords resins and suspensions of solid particles but 
virtually no chloroform or chlorodecanes. Under het- 
erogeneous conditions, the decrease in the content of 
DMF and the decrease in the activity occur much more 
slowly. 

Evidently, during the reaction, the supported catalyst 
forms fairly quickly an active form stabilized by the 
interaction with the surface. Subsequently, this active 
complex slowly decomposes. 

The rate of the catalytic process is influenced by the 
addition of typical inhibitors of radical reactions, via., 
phenols and 0 2. Figure 1, a shows the kinetic curves for 
the reaction carried out in the presence of ionol and 
oxygen. It can be seen that in these cases, the degree of 
conversion decreases approximately twofold (Table l). 
[n addition, in the presence of 02, substantial amounts 
of high-molecular-weight colored products are formed. 
The selectivity of the process with respect to chloroform 
decreases: a mixture of dichloromethane and chlo- 
romethane is formed in t--5% yield. These results can 
be explained by assuming that the reaction occurs by a 
radical mechanism. The copper-containing complex acts 
apparently as a renewable initiator of the process. Evi- 
dently, the fact that secondary products of substitution 
predominate among the decane derivatives formed also 
attests to a free-radical reaction mechanism. This as- 
sumption is also supported by the fact that minor  
amounts of the product of recombination of trichloro- 

methyl radicals, viz., hexachloroethane, are formed in 
the reaction. 

We showed that the catalytic activity of the immobi- 
lized copper complex with DMF markedly decreases 
when the complex loses the ligand. Catalyst II, which 
was prepared by prolonged evacuation of catalyst I at 
433 K and contained virtually no DMF, is substantially 
less active than the starting material (see Table 1). In 
addition, in this case, the reaction yields up to 10% 
chloro-derivatives of methane and HC1. Similar results 
were obtained when the catalyst that had already worked 
for six hours was repeatedly used with flesh portions of 
the reagents. The activity of the catalyst is restored when 
DMF is added to it in a twofold molar excess with 
respect to copper, which corresponds to the ratio of 
these components in the complex precursor. Thus, the 
presence of donor ligand molecules, for example, DMF, 
in the coordination sphere of the supported complex is 
necessary for the preparation of an active and selective 
catalyst. 

The data on the catalytic activity of a mononuclear 
catalyst, viz., a complex of copper(n) chloride with 
.v-aminopropyl silochrome (catalyst III), are listed in 
Tablel.  In this case, the specific (with respect to copper) 
activity of the catalyst proved to be somewhat lower. 
Among other reasons, this can be due to the fact that 
effective catalysis requires that several Cu atoms bound 
through bridge atoms interact within one binuclear or 
polynuclear unit. 

Thus, to obtain an active and selective copper cata- 
lyst, the following conditions should be fulfilled: the 
presence of bi- or polynuclear unit of Cu atoms, the 
presence of a donor ligzmd, and immobilization of the 
catalyst on the surface of the support, needed to stabilize 
complexes that are unstable in solution. 

The possibility to convert CCla relatively quickly and 
highly selectively into industrially valuable products opens 
up new prospects for solving the problem of its utiliza- 
tion, which appeared after the Montreal convention on 
the protection of the ozone layer was signed. 

The authors wish to thank G. N. Bondarenko for 
help in recording the IR spectra. 

Table 1. The degrees of conversion of n-decane in the pres- 
ence of various copper-containing immobilized catalysts and 
additives 

Catalyst Content of Cu Additive Degree of 
(% w/w) conversion of 

decane (%) 

t 3.0 None 51 
I 3.0 0.1% ionol 26 
l 3.0 02 atm. 29 
II 3.0 None 12 
Ill 6.2 02 atm. 23 

Note. Reaction conditions: T --- 433 K, 
[CC141 : [decane] = 4  : 1, 6 h. 
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