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Abstract—The reaction of copper with carbon tetrachloride in dimethylacetamide was studied. In the absence
of atmospheric oxygen, the oxidative dissol ution of copper occurred by the mechanism of single-electron trans-
fer with the formation of C,Clg and copper(l) complexes. The kinetic and thermodynamic parameters of the
reaction were found. The reaction mechanism is discussed.

INTRODUCTION

Complex compounds of copper are in considerable
industrial use as selective catalysts in various chemical
processes. The direct oxidative dissolution of copper
metal in systems containing CCl, (a coordinating sol-
vent), which occurs under mild conditions, isone of the
most promising methodsfor the synthesis of these com-
pounds [1].

For the development of optimum conditions for the
target-oriented synthesis of the complex compounds of
copper halides with organic ligands, the kinetics and
mechanism of the reaction of copper with CCl, in the
presence of dimethylacetamide (DMAA) were studied
in detail. In this solvent, copper undergoes oxidation at
a high rate [2], and the resulting copper complexes are
of interest as catalysts for various chemical processes.

EXPERIMENTAL

The EPR spectra were measured on a Radiopan
radiospectrometer at 293 K according to a well-known
procedure [3, 4]. 2,2,6,6-Tetramethyl-1-piperidinyloxy
(TEMPO) freeradical was used as aradical trap.

The low-frequency IR spectra were measured on a
Perkin-Elmer 325 spectrophotometer; the samples
were prepared as suspensions in minera oil.

The purity of starting substances was monitored and
the quantitative analysis of organic reaction products
was performed using gas-iquid chromatography
(GLC). The conditions of GL C analysiswere described
previously [5].

Inorganic reaction products (copper cations) were
determined by ion chromatography on a Tsvet-3006
chromatograph with the use of Diacat-3 columns
(Elsiko, Moscow; | = 150 mm, d = 3 mm). An agqueous
4 mM ethylenediamine, 5 mM citric acid, and 5 mM
tartaric acid solution was used as an eluant. The rate of

elution was 15 ml/min. The sample volume was 100 uL
(after 1 : 1000 dilution with water).

Reaction products were analyzed by chromatogra-
phy—mass spectrometry on a Hewlett-Packard GC-M S
instrument (USA) (HP 5972 mass-selective detector,
HP 5890 chromatograph) using achromatographic cap-
illary column (I = 30 m, d = 0.25 mm) with a diphenyl
(5%) stationary phase supported on polydimethylsilox-
ane. The column temperature was 40-250°C; the heat-
ing rate was 30 K/min. Helium was the carrier gas (the
carrier-gas flow rate was 1 ml/min). The injector tem-
perature was 250°C, and the detector temperature was
280°C.

Copper powder of >99.99% purity was prepared
by the reduction of CuSO, (analytical grade) with mag-
nesium powder (MP-1) in an atmosphere of argon free
from O,.

A copper wire (GOST 72625-4, Cu content of
99.99%) 0.2 mm in diameter was held in DMFfor 24 h.
Just before the experiment, the sample was mechani-
caly purified to remove the swollen insulating film,
exposed to concentrated nitric acid for 5-10 s, and
washed with water, acetone, and then DMAA.

Copper (1) bromidewasdried in avacuum at 60°C
according to a published procedure [6].

All of the organic compounds were obtained from
commercial sources.

3-Methylpyridine (Janssen) was dried with fused
KOH and twice distilled over KOH in an inert gas
atmosphere; T, = 143.7-144°C, nX = 1.5067. Pub-
lished data: T, = 144.0°C, nX = 1.5068 [7].

Dimethylacetamide was purified by slow double
vacuum distillation over alarge amount of P,Os [6].

Carbon tetrachloride, acetone, and other solvents
were purified in accordance with standard procedures
[8]. All of the solvents were freed from dissolved gases
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Table 1. Product composition in the oxidative dissol ution of
copper in CCl,~DMAA systems in the absence and in the
presence of radical traps

Entry DCPH/CU, Yleld, mol %
mol/mol CHCl; CClg
1 0 0 100
2 2 67 3
3 3 80 20
4 6 100 0

by repeatedly freezing and thawing at a reduced pres-
sure and stored in ampules in the absence of air.

The procedures used for preparing copper com-
plexes are described below.

A 1-g portion of Cu powder was dissolved in 10 ml
of DMAA and 10 ml of CCl, in an argon atmosphere at
50°C. After 1 h, the white precipitate formed (which
rapidly became greenin air) wasfiltered off in an atmo-
sphere of argon freed from oxygen. The recrystalliza-
tion from 3-MePy afforded 3.8 g (72%) of yellow crys-
tals, whichwerestablein air [ 7]. Found (%): Cu, 16.50;
Cl, 932, C, 56.88; H, 568, N, 11.06. For
C,sH,;N;CuCl and. calc. (%): Cu, 16.49; Cl, 9.37; C,
57.14; H, 5.59; N, 11.10. IR spectrum (minera oil),
v (cm™): 475 (CuN), 420 (Cu-N), 350 (Cu—N),
320 (Cu—N), 292 (Cu—N), 230 (Cu—N).

Organic reaction products were extracted with
diethyl ether (20 ml). The ether layer was separated,
and the residue was dissolved in 5 ml of an acetone-
hexane mixture (1 : 1). After aday, green crystals pre-
cipitated from the solution; these crystals were a mix-
ture of two copper(ll) complexes that are difficult to
separate. The crystals were dissolved in 6 ml of a
DMF-CCI, mixture (2 : 1, by volume). A 0.2-g portion
of 1,2,4-triazole (TA) was added to the solution, and the
mixture was heated at 70°C for 10 min. After the solu-
tion was cooled, finely crystalline green powder of
dichloro(1,2,4-triazole)copper(l) [CuCl,(TA)] precip-
itated; this precipitate was separated using standard
procedures. The yield was 0.64 g (20%); T,, = 288—
290°C. Published data: T,, = 288-290°C [9]. Found
(%): Cu, 31.00; CI, 34.70; C, 11.70; H, 1.50; N, 21.1.
And. calcd. (%): Cu, 31.23; Cl, 34.85; C, 11.80;
H, 1.48; N, 20.64. IR spectrum (minera ail), v (cm™):
319 (Cu-Cly), 275 (Cu—Cl,), 243 (Cu—Cl,), 253 (Cu—N),
where Cu-Cl, and Cu—Cl,, denote terminal Cu—Cl bonds
and bridge bonds, respectively.

Unreacted CCl, and DMAA, as well as hexachloro-
ethane (C,Cly), were detected in the ether solution. The
isolated yield of C,Cl, was 3.6 g (95%); T, = 186.5—
187.5°C. Published data: T,, = 186.8-187.4°C [10].
Found (%): C, 10.20; Cl, 89.80. For C,Cl, anal. calcd.
(%): C, 10.15; CI, 89.85. Mass spectrum (El, 70 €V),
vz (l,y, %): 199 [M—CI]* (51), 164 [M—2Cl]* (33), 129
[M=3CI]* (13), 117 [M—-CCI4]* (100), 94 [M—-4CI]*
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(33), 82 [M—CCI—CI]* (22), 70 [Cl,] (1.3), 59 [M-5CI]*
(13), 47 [M—CCl;—2CI]* (27).

The reaction in the presence of a radical trap was
studied analogously to the above procedures. Dicyclo-
hexylphosphine (DCPH) was used as the radical trap.

Unreacted CCl, and DMAA, as well as C,Cl, and
CHCl,, were detected in the ether solutions. Table 1
summarizes the yields of organic reaction products.

Chloroform. T, = 61-61.3°C; nX = 1.4458. Pub-

lished data: T, = 61.1°C; n3’ = 1.4459[10]. Found (%):
C, 10.05; H, 0.84; Cl, 89.11. For CHCl; anal. calc. (%):
C, 10.06; H, 0.84; Cl, 89.10. Mass spectrum (El,
70eV), m/z (I,4, %): 118 [M]* (1), 117 [M—H]* (0.7),
83 [M-CI]* (100), 82 [M—H-CI]* (4), 70 [Cl;] (2), 47
[M-H-2CI]* (36), 36 [HCI] ().

Thepreparation of copper complexesin the pres-
ence of anhydrous CuBr, was performed anal ogously
to the above procedures. The Cu : CuBr, molar ratio
wasequal to 1: 1. Unreacted CCl, and DMAA, aswell
as C,Clg and CCl;Br, were detected in the ether solu-
tion.

Bromotrichloromethane. The yield was 0.16 g
(5%); T, = 104-105°C; n3’ = 1.5064. Published data:

T, = 104.7°C; n2 = 1.5063 [10]. Found (%): C, 6.10;
Cl, 53.63; Br, 40.27. For CCl;Br andl. calcd. (%): C,
6.06; Cl, 53.64; Br, 40.30. Mass spectrum (El, 70 eV),
m'z (., %): 163 [M—CI]* (51), 128 [M—-2ClI]* (5), 117
[M-Br]* (100), 93 [M-3Cl]* (5), 82 [M—CI-Br]* (41),
81 [Br]  (17), 70[Cl,] (0.6), 47 [M—2CI-Br]* (31), 35
[CI]" (15).

Study of the reaction kinetics. The reactions of
copper with CCl, in DMAA were studied by the resis-
tometric method [11] in accordance with awell-known
procedure [2] in an atmosphere of water-free argon
freed from oxygen.

The reaction was studied in the kinetic mode, as evi-
denced by the independence of therate of copper disso-
lution in the test mediafrom the rate of stirring. Table 2
summarizes the results of this study.

RESULTS AND DISCUSSION

We studied the reaction kinetics of the oxidative dis-
solution of Cu in the CClI,-DMAA system using the
resistometric method. This method provides an oppor-
tunity to study various kinetic features of fast heteroge-
neous reactions; it is characterized by high accuracy
and reproducibility of results[11, 12].

To determine the kinetic characteristics of the pro-
cess, the reaction was performed in an indifferent sol-
vent of nonane and para-xylene in aratio of 1: 1 by

volume (DNgg, = 0 kImol for nonane and para-
xylene) [2].
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Table 2. Kinetic and thermodynamic parameters of the oxidative dissolution of copper in the CCl,—DMAA system calculat-
ed using the Langmuir—Hinshelwood mechanism from the adsorption of the reagent and the solvent at different active centers

of the metal surface

Parameter T, K kg x 10%, g cm™? mint Ky, | mol Ko, | mol™

313 0.42 0.54 154
323 1.04 0.52 1.04
333 247 0.50 0.71
343 5.52 0.47 0.50

R* 0.999 0.997 0.999

AE,, kJmol 76.6

AHZq,, kdimol —4.0

AH yan » kMO —331

ASq, , Jmolt K -17.9

AS)yian » JMoOlE KL —102.3

* Sample correlation coefficient for the function InK = f%.

The figure demonstrates the dependences of therate
of oxidative dissolution of copper on the concentrations
of CCl, and DMAA. An increase in the concentration
of DMAA from 0.2 to 2 mol/I did not change the shape
of curvesfor the dependence of the reaction rate on the
concentration of CCl,. This fact indicates that the pro-
cess occurs by the Langmuir—Hinshelwood mechanism
with the adsorption of the reagent and the solvent at dif-
ferent active centers of the metal surface[13]:

CCl, + S, == (CCL,)S,, 0))
L+S, =2= (L)S,, (II)
(CC1,)S, + (L)S, <~ products, (110

where L isDMAA; K, and K, are the equilibrium con-
stants of CCl, and DMAA adsorption, respectively; kis
the rate constant of the chemical process; and S, and S,
are the active centers at which the adsorption of CCl,
and DMAA, respectively, takes place.

In this case, surface coverages derived from the
Langmuir isotherms for the adsorption of individual
components appear in the rate equation, and an expres-
sion for w has the form

K1Ko[CCl ] [L]
1+Ky[CCl] + K5[L] + K K,[CCl ] [L]
The treatment of the experimental relations (figure)
using the set of Eqgs. (1)—111) alowed us to determine

the equilibrium constants of CCl, and DMAA adsorp-
tion on the surface of copper (K, and K,, respectively)

w =Kk

ey
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and the rate constant k of the chemical reaction. The
study of the reaction kinetics at different temperatures
allowed us to find E, of the chemical reaction and the
enthalpies and entropies of adsorption of the reactants
on the surface of copper. Table 2 summarizes the
results.

wx 107, g cm~2 (Cu surf.) min~!

301

25
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0 2 4 6 8
Cca, or Cppaa, mol/l

The dependence of the rate of oxidative dissolution of cop-
per inthe CCl,-DMAA system on theinitial concentrations

of mixture componentsin the presence of an indifferent sol-
vent (nonane-para-xylene; 1 : 1, by volume) at 313 K:
(1) Cea, =02 moal/l, (2) Cppmaa = 0.2 mol/l, and (3)

Cbomaa = 2 mol/l. x-Axis: Ccql, for curve I and Cpyiaa

for curves 2 and 3.
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A comparison of the results with published data[2]
on the oxidative dissolution of copper in the CCl,—

DMSO system demonstrated that AHZ, on the sur-

face of copper remained almost unchanged (—4 kJ/mol)
on the replacement of DM SO by DMAA, whereas the
corresponding values for a coordinating solvent
changed considerably (from —46 to —33 kJ/mol). This
fact isindicative of the selective adsorption of adipolar
aprotic solvent, which participates in the reaction, on
the surface of copper.

The Langmuir—Hinshelwood scheme for the test
process suggests that the interaction of adsorbed reac-
tant molecules with the oxidized metal surface, that is,
asurface chemical reaction, isarate-limiting step of the
reaction.

A detailed study of the mechanism of any chemical
reaction is a challenge. It has recently been found that,
as arule, the reactions of various reagents with metals
in dipolar aprotic solvents occur by radical [14], radi-
cal—ion [14, 15], or carbanion [16] mechanisms, the
ratio between which depends on the nature of the metal,
the reagent, and the solvent [14, 17].

Theanalysis of reaction products demonstrated that,
in the absence of atmospheric oxygen (including oxy-
gen adsorbed on the metal surface), the dehalogenation
of CCl, with copper in DMAA occurred with the for-
mation of C,Cl, and copper(l) complexes, which were
identified as tris(trimethylpyridine)copper(l) chloride
[CuCI(3-MePy),] [7]:

2nCCl, + 2nCu + 2mL — nC,Clg + 2[Cu,Cl, L],

[Cu,Cl.L,] +3n3-MePy
— n[CuCl (3-MePy)4] + mL,

whereL = DMAA, 3-MePy is3-methylpyriding, 1<n<4,
andl<m<4.

With the use of ion chromatography, we found that
only copper(l) complexes were formed in the course of
the process. These complexes slowly reacted with the
CCl,-DMAA system to form copper(l1) complexes by
thereaction [18]

[Cu,Cl L,] +2nCCl,+ (2n—m)L

or they very readily oxidized when the reaction prod-
ucts wereisolated in air.

The formation of C,Cly in the reaction mixture
allowed us to assume that the oxidative dissolution of
copper in the CCl,—-DMAA system occurs by aradical
mechanism.

The disappearance of the EPR signals of the added
TEMPO radical, which can react with radical intermedi-
ates, suggests that the mechanism of oxidative copper
dissolutionin CCl,—DMAA systemshasaradical nature,
because the EPR signals of TEM PO did not appear after

EGORQV et al.

the oxidation of copper and the reduction of the mixtures
by KI in an acetate buffer solution [3, 4].

The radical species in solutions were detected and
identified with the use of radical traps.

As a chemical trap of radicals, we used DCPH,
which previously showed a good performance. It pro-
vides an opportunity not only to detect radical interme-
diates but also to determine their concentration in solu-
tion [15].

In the dehalogenation of CCl, with copper in
DMAA in the presence of DCPH, the composition of
reaction products changed depending on the CCl, :
DCPH molar ratio (Table 1). At the CCl, : DCPH molar
ratio equal to 1 : 6, the formation of C,Cl, was not
observed (Table 1), but an equivalent amount of CHCl,4
was detected instead:

2CCl, + Cu+ 2L 2, [CuCl, [RL] + 2CHCl,

where L = DMAA.

Analysis of reaction productsin the presence of rad-
ical traps and in the absence of them indicates that the
process occurs by a radical mechanism via the forma-
tion of the trichloromethyl radical

QPO +.CC13
|
H

Itiswell known that "C Cl, radicals are readily oxi-
dized by CuBr, solutions in dipolar aprotic solvents
with the formation of CCI;Br [6]. When the test process
was performed in the presence of anhydrous CuBr, (the
Cu : CuBr, molar ratio was equal to 1 : 1), CCl;Br
(7 mol %) was detected in the reaction products. This
fact suggests that the low yield of Cu(ll) complexesin
the reaction mixturein the course of the processis asso-

ciated with their reduction by "CCl, radicals to form
complex compounds of Cu(l) and CCl, [6]. The result-
ing complexes of Cu(l) slowly interact with CCl,;

therefore, the following equilibrium was established in
the system [6, 18]:

(n=1)[CuCl, 2L] + (n—1)'CCl,
—=[Cu,_,Cl,_,(m=-2)L] + (n—1)CCl,+ (2n-m)L,
whereL =DMAA;1<n<4;1<m<4.

The results of this work indicate that the dehal oge-
nation process occurs on the surface of copper by arad-

ical mechanism via the formation of "'CCl; radicals,
which undergo colligation in solution. The adsorption
of the reagent and the solvent occurs by the Langmuir—

KINETICS AND CATALYSIS Vol. 44 No. 4 2003
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Hinshelwood mechanism at different active centers of
the metal surface in accordance with the scheme

CCl, L ‘CCl; CuCl-L

o e 1]

CcCl, L ‘CCl; CuCl-L

\\\CUR\\ \\\Cunil\ N

ks

—

The "CCl, radicals undergo dimerization in solution
to form hexachloroethane:

.CCI3 + .CCI3 - C2C|6.

The complex compounds of copper(l) with organic
ligands in solutions form di- or tetramers [18]:

CUCI |:L + CUn_1C|n_l D—n—l — CUnC|n D_n,
Cu,Cl, L, +(m—n)L —= [Cu,Cl, OmL]! ,

whereL =DMAA,2<n<4,and2<m<4.

Theresulting copper(l) complexes very slowly react
with the CCl,—L system in accordance with the follow-
ing reaction scheme [6, 18]:

[Cu,Cl, ChL] + CCl, == [Cu,Cl, OmL] “CCl,
—» 'CCly+[Cu,Cl,,, OmL],
.CCI3 + .CCI3 —— CzCIG,
[Cu,Cl; .y L]
—[Cu,_,Cl,_; m-2)L] +[CuCl, [2L],
[Cu,_,Cl,_; {m-2)L] +(n-1)CCl,
+(2n—m)L = (n—1)[CuCl, [2L]
+(n—1)"CCl,, etc.

Moreover, copper(l1) complexes can be reduced by
copper metal [3] with the formation of copper(l) com-
plexes:

n[CuCl, [(2L] + nCu + 2(m-n)L
—» 2[Cu,Cl, OmL].
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