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Formation and Reaction of Trichloro Complexes of Bivalent Transition Metals

in 1,2-Dichioroethane

Keiichi Satoh, Toshio Suzuki, and Kiyoshi Sawada*®

Laboratory of Analytical Chemistry, Faculty of Science, Niigata University, Niigata 950-21, Japan

Trichloro complexes of some bivalent transition metals (M2*) have been prepared in tetra-n-
butylammonium chloride—1,2-dichloroethane solution saturated with the metal chlorides. Their
chemical forms and reactions, and the effect of water, have been investigated by means of
spectrophotometry and vapour-pressure osmometry at 25.0 °C. Copper(11) and cadmium(u) form
monomeric tetrahedral trichloro complexes containing one water molecule, NBu,[MCI,(H,0)],
whilst cobalt(1) forms a dimeric tetrahedral trichloro complex [NBu,],[Co,Cl,]. Zinc(11) exists

as a mixture of monomeric and dimeric forms. Manganese(i1) and nickel(i1) do not form trichloro
complexes. Copper (1) forms a monomeric tetrachloro complex. Cobalt(i) forms a monomeric
tetrachloro complex and a trichloromono(pyridine base) complex by reaction with NBu,Cl and with
pyridine base, respectively. The formation constants of the copper(i1) and cobalt(1) complexes
have been evaluated by means of spectrophotometry. The effect of water on the equilibria of the
trichloro complexes of copper(i1) and cobalt(i) is discussed.

In solvents with relatively high solvating ability the first-row
transition-metal ions (M2 *) are present generally in the form of
a solvated ion of octahedral configuration.! ? By the addition of
halogenide ion (X7), these ions form halogeno complexes
successively up to tetrahalogeno complexes. The higher
complexes such as tri- and tetra-halogeno have tetrahedral
configurations,!'? and the trihalogeno-complexes in solvating
solvents are co-ordinated by one solvent molecule (solv),
MX;(solv) ". On the other hand, in a low dielectric non-solvating
solvent, since the solvent molecule does not participate in the co-
ordination, the number of ligands (three chloride ions) is not
sufficient to form the tetrahedral monomeric trihalogeno
complex. Thus, the dimeric structure, A,[M,X;] (A™ =
counter cation), which is confirmed to be present in the
crystalline state,® has been proposed.*

Water has a relatively high co-ordination ability ! and acts as
a base in acetic acid * and aprotic solvents.® Small amounts of
water contained as an impurity in a poor solvating solvent often
have serious effects on the complex-formation equilibria. The
concentration of the impurity water is usually higher than that
of the complex in question even in a well dehydrated solvent.
Thus, the water content makes a significant contribution to the
complex formation in a non-aqueous solvent.

In the present paper, the trichloro complexes of some bivalent
transition metals were prepared in 1,2-dichloroethane, and their
reactions with chloride ion, water, and pyridine bases were
investigated at 25.0 °C by means of spectrophotometry and
vapour-pressure osmometry.

Experimental

Reagents.—1,2-Dichloroethane was dehydrated with mole-
cular sieve 3A (Wako) and distilled. The concentration of water
in the dehydrated solvent was determind as about 103 mol
dm™3 by the Karl-Fisher method and then the concentration
was adjusted by adding water as necessary. The water
concentration, cy,o, in this solvent when saturated with water is
1.7 x 107! mol dm™3 at 25.0°C. All the anhydrous metal
chlorides were of G.R. grade (Wako) and used as received.
Tetra-n-butylammonium chloride was of analytical grade
(Tokyo Kasei) and its purity was checked by titration with
silver nitrate. The water content of NBu,Cl was determined by
the Karl-Fisher method.

Measurements.—A quantity of 1,2-dichloroethane containing
NBu,Cl (0.001—0.02 mol dm=3) was shaken with several grams
of crystalline anhydrous metal chloride at 25.0 °C for 30 min.
This shaking time was found sufficient to saturate the metal
chlorides. The saturated supernatant separated from the
crystals by centrifugation was stored. An aliquot of the stock
solution was evaporated and the residue was dissolved in
distilled water. The concentrations of the metal and chloride
ions were determined by titrations with ethylenediaminetetra-
acetate (edta) and with silver nitrate, respectively. Spectro-
photometric and vapour-pressure osmometric measurements
were performed with a Shimadzu double-beam spectrophoto-
meter UV-200 and an Hitachi model 117 molecular-weight
apparatus, respectively. The degree of polymerization of the
metal complex was evaluated from it’s van’t Hoff coefficient
obtained by osmometry. Volatile substances such as water
cause no vapour pressure depression, ie. the van’t Hoff
coefficient of water is observed to be zero. All solutions were
prepared under a dry nitrogen atmosphere, and all measure-
ments were carried out at 25.0 °C.

Results and Discussion

Copper(n) Complex—The ratio of the total chloride ion
concentration (c¢) to that of total copper(i) ion (c¢,) in the
NBu,Cl-1,2-dichloroethane solution saturated with anhydrous
copper(i) chloride was determined as cq/fcc, = 3.0 £ 0.1 at
NBu,Cl concentrations in the range 0.001—0.02 mol dm.
Osmometric molecular-weight measurements of the complex in
the saturated solution revealed the degree of polymerization of
copper(il) to be 0.92 + 0.1 (¢, = 0.002—0.02 mol dm™3),
These results suggest the formation of a monomeric copper(ir)
complex, NBu,[CuCl,].

As shown in Figure 1(a), curve 1, the u.v.—visible spectrum of
the trichlorocuprate(ir) complex has absorption maxima at 258,
324, and 475 nm. The addition of NBu,Cl to a solution of this
complex gives rise to the spectral changes shown in Figure 1(a).
These spectra have isosbestic points at 272, 313, 382, and 451
nm and thus suggest the existence of a single equilibrium. The
spectrum at the highest chloride concentration (curve 7) is that
of [CuCl,]?>".""® A plot of the apparent molar absorption
coefficient, €, of the solution at 410 nm as a function of the molar
ratio ¢q/cc, is shown in Figure 2(a). These results indicate the
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Figure 1. Absorption spectra of (a) copper(11) chloride containing vari-
ous amounts of NBu,Cl at ¢y,6 = 5 x 1072, ¢¢, = 3.33 x 10 mol
dm™3, and c¢/cc, = 3.00 (curve 1), 3.21 (2), 3.36 (3), 3.66 (4), 3.98 (5),
4.45 (6), and 7.01 (7), and (b) of copper(i1) chloride at various concen-
trations of water, cc, = 242 x 107, ¢ = 846 x 107, and ¢y,
5.0 x 1073 (curve 1), 1.9 x 1072 (2), 3.7 x 102 (3), and 5.8 x 1072
mol dm™3 (4)
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Figure 2. Plot of the apparent molar absorption coefficient of the cop-
per(i) complex at 410 nm (a) and the cobalt(11) complex at 635 nm (b)
as a function of the molar ratio cgfcy. Coy = 7-3¢ x 1074, ¢, =
1.01 x 1073 mol dm™

existence of equilibrium (1). As the dielectric constant of the

NBu,[CuCl;] + NBu,Cl == NBu,],[CuCl,] (1)

solvent 1,2-dichloroethane is low (10.8 at 25.0 °C), the elec-
trolytes are present in the form of ion pairs such as NBu, *CI -,
NBu, *[CuCl;] ", and 2NBu, *[CuCl,]* . The apparent molar
absorption coefficient, &, is given by equation (2), where €3, €4,
and K’(Cu) refer to the molar absorption coefficients of the tri-
and tetra-chloro complexes and the equilibrium constant of
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equation (1), respectively. By rearrangement of equation (2) we
& = {e3(NBu,[CuCl3]) + e4([NBu,],[CuClL,])}/cc,

&3 + £,K'o[NBu,Cl]
" 1+ K'o[NBu,Cl]

@

obtained equation (3). A plot of the left-hand side of equation (3)
log (€ — €3)/(e4, — €) = log K'¢; + log [NBu,CI] (3)

as a function of log [NBu,Cl] is a straight line with a slope of
unity, where [NBu,Cl] {= ¢y — 3¢cy, — [(NBu,),CuCl,]} is
evaluated by using the relation [(NBu,),CuCl,]/[(NBu,)-
CuCl;] = (£ — €3)/(g4 — €).> The equilibrium constant was
obtained from the intercept of the plot as log K',(Cu) = 3.39
at 5 x 102 mol dm=3 water. The solid line in Figure 2(a) is
the calculated curve obtained by using this value.

The formation of the chloro complexes of copper(i1) has been
widely investigated in many non-aqueous solvents such as
acetic acid,'®!? acetonitrile,'*>'* dimethylformamide,!3-16
dimethyl sulphoxide,!”"!® propylene carbonate,'® tetrahy-
drofuran,'® trimethyl phosphate,!3-2° and methylene chloride 2!
by means of spectrophotometry, potentiometry, ezc. Furlani
and Morpurgo?? have assigned the absorption bands to the
halogeno complexes [CuX,(solv), ,]*™ in some non-
aqueous solvents. Recent studies by Vierling and co-
workers 12-16:18-205howed the formation of monomerictrichloro
complexes containing one solvent molecule, [CuCl(solv)] ™.
According to these results, the trichloro complexes of copper(ir)
in these solvents have three absorption maxima in the u.v.—
visible region, e.g. at 257, 310, and 440 nm in trimethyl
phosphate 2° and at 253, 318, and 475 nm in tetrahydrofuran.®

The co-ordination number ‘three’ is extremely uncommon for
copper(),® especially in solution. Thus, it is anticipated that the
monomeric species, [CuCl;]~, having absorption maxima at
258, 324, and 475 nm in 1,2-dichloroethane [Figure 1(a),
spectrum 1] is tetrahedral, [CuCls(solv)] ", as formed in other
non-aqueous solvents as mentioned above. Because of the
extremely low solvation ability of 1,2-dichloroethane,! its co-
ordination is less important.

The u.v.—visible spectral change upon the addition of water at
constant cq/cc, (=3.5) is shown in Figure 1(b). These spectra
have the same isosbestic points as shown in Figure 1(a), and no
significant new absorption band exists. The spectral change
caused by the addition of water is the same as that caused by the
decrease in NBu,Cl concentration in Figure 1(a). These facts
clearly indicate the participation of water, which is present in
the solution as an impurity, in the complex-formation
equilibrium (1). Considering the formation of the tetrahedral
monoaquatrichlorocuprate(ir) complex, NBu,JCuCl;(H,0)],
the equilibrium (1) can be rewritten as in equation (4). Thus,

NBu,[CuCl,(H,0)] +
NBu,Cl =<

[NBu,],[CuCl,] + H,O (4)

the conditional constant K'(Cu) is a function of the water
concentration [equation (5)]. It was measured at various

log K'c(Cu) = log K¢,(Cu) — log [H,0] &)

concentrations of water (cy,o =5 x 103—5.8 x 10?2 mol
dm3). As the total concentration of water is much higher than
that of copper(i), the free concentration of water can be
approximated by the total concentration, cy,o. Although the
slope of a plot of log K'¢,(Cu) vs. log ¢y, (slope = 0.8) was
somewhat lower than the theoretical slope of unity, K’ (Cu)
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Figure 3. Absorption spectra of cobalt(u) chloride at various NBu,Cl
concentrations. ¢¢, = 1.00 x 1072 mol dm™3; c¢fce, = 3.00 (curve 1),
3.18 (2), 3.32 (3), 3.46 (4), 3.60 (5), 3.77 (6), 3.86 (7), and 4.00 (8)

shows a good correlation with the water concentration. The
lower slope might be attributed to the decrease in activity of
monomeric free water caused by the polymerization of water.

Lutwig and Textor 2! reported the formation of monomeric
trihalogeno complexes of copper(i1) in methylene chloride and
in methylene bromide solution, and suggested that these
complexes have trigonal planar structures with a co-ordination
number of three. They, however, paid no attention to the
concentration of water in the solvent. The absorption spectrum
of the complex in methylene chloride is essentially the same as
that of the trichloro complex in 1,2-dichloroethane presented
here. Consequently, it is considered that the trichloro complex
formed in methylene chloride (and in the bromide system, too)
is the same as that presented here, [CuCl;(H,0)]".

Cobalt(1) Complex—The ratio of the chloride-ion concen-
tration (¢¢,) to that of cobalt(i) ion (cc,) in the NBu,Cl-1,2-
dichloroethane solution saturated with anhydrous cobalt(ir)
chloride was determined as c¢/cc, = 3.1 + 0.1. The molecular
weight of the complex in the saturated solution yielded the
degree of polymerizaton as 2.1 (cc, = 3.12 x 10~ mol dm™).
These results suggest the formation of the dimeric trichloro
complex, [NBu,],[Co,Cl¢].

Bobbitt and Gladden?3 studied the equilibria of cobalt(i)
chloride in acetonitrile by means of osmometry. They measured
the effective molecular weight of cobalt(ir) chloride as a function
of concentration (ccoq, = 0.01—0.3 mol dm=3) and reported
that the trichloro complex of cobalt(i) exists predominantly in
dimeric form at the higher cobalt(ir) chloride concentrations.
Since these solutions contain other chloro complexes, the
spectrum of the dimeric trichloro complex alone was not
obtained.

The absorption spectrum of the trichloro complex is shown in
Figure 3, curve 1. The spectrum scarcely changes upon changing
the metal concentration. Thus, the dimeric structure is main-
tained even at metal concentrations as low as 2 x 10~* mol
dm™3. The spectral change upon the addition of NBu,Cl to the
complex is also shown in Figure 3. These spectra have isosbestic
points at 608 and 710 nm. The spectra at higher chloride
concentrations (cg/cc, > 4) are that of a monomeric tetra-
chloro complex of cobalt(ir), [CoCl,]*~.7-%-24-27 The apparent
molar absorption coefficient at 634 nm is plotted against ¢¢)/cc,
in Figure 2(b). These results indicate the equilibrium (6). The

[NBu,],[Co,Cls] +

2NBu,Cl 222

2[NBu,],[CoCl,]  (6)

very sharp change in the slope of the plot of € vs. ¢ /cc, at 4
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Figure 4. Absorption spectra of cobalt(i) ch]orlde at various 4-
cyanopyndme concentrations. ¢c, = 9.60 x 1074, = 2.89 x 1073
mol dm™3; ¢, /cc, = 0.00 (curve 1), 0.242 (2), 0. 428 (3), 0.610 (4), 0.791
(5), and 1.06 (6)

[Figure 2(b)] suggests that the equilibrium constant K,(Co) =
[(NBu,),CoCl,]*[(NBu,),Co,Clg]"'[NBu,CI]? is very large.

The addition of 4-cyanopyridine (cpy) to the solution of the
trichloro complex causes the spectral change shown in Figure 4.
The spectrum at high cpy concentration is very close to that of
the monomeric (4-cyanopyridine)trichloro complex NBu,[Co-
Cl;(cpy)].® Thus, the reaction with cpy is as in equation (7).

[NBu,1,[Co,Clg] + )
) 2Acpy) 229 HNBu,[CoClycpy)] (7)

Generally, the lower the basicity of the pyridine base the smaller
the adduct formation constant becomes.® The use of the very
weak base cpy (pK, = 1.88) makes it possible to evaluate
the equilibrium constant K., (Co) = [(NBu,)CoCl,(cpy)]*-
[(NBu,),Co,Cls] '[cpy]™? as log K., (Co) =697 by
using the relation [(NBu,),Co,Cl¢]/[(NBu,)CoCl;(cpy)] =
(8cpy — E)(2E — &,), where €, and g, are the molar absorption
coefficients of the trichloro and monocyanopyridine complexes,
respectively. The equilibrium constant of equation (8) has been

(CL))

[NBu,],[CoClL,] + cpy (8)

NBu,[CoCl;(cpy)] + NBu,Cl ——

obtained as log K,(Co) = 1.59 for cpy.® By using the relation
Kc(Co) = K, (Co)K,(Co)?, we obtained the formation
constant of tetrachlorocobaltate(ir) from the trichloro complex
as log K(Co) = 10.15.

The addition of water to the solution of the dimeric trichloro
complex of cobalt(1) results in a spectral change and precipit-
ation. The spectrum of the supernatant at high water concentra-
tion is the same as that of the monomeric tetrachlorocobaltate(ir)
complex and the absorbance is just half that expected from the
initial concentration of cobalt(i1). These results suggest the
disproportionation reaction (9).

[NBu,],[Co0,Cl¢] + »H,0 —
[NBu,],[CoCl,] + [CoCly,(H,0),] | (9)

Other Metal Complexes.—By the same manner as that for the
copper(i1) and cobalt(ir) complexes, the NBu,Cl-1,2-dichloro-
ethane solution was saturated with anhydrous manganese(),
nickel(11), zinc(ir), and cadmium(ir) chlorides. The molar ratio
of chloride to Mn" and Ni'' was determined as cq/cy =
4.0 + 0.04. The osmometric measurements of the solutions
indicate the formation of monomeric complexes. Thus, the
species in the saturated solutions is estimated to be [NBu,],-
[MC1,] for Mn" and Ni'.

The molar ratios of chloride ion to Zn" and Cd" in the metal-


http://dx.doi.org/10.1039/DT9880000591

594

saturated solutions were determined as c¢,/cy = 2.56 and 3.16,
respectively. The osmometric measurements of these solutions
indicate a degree of polymerization of 1.5 for Zn" (c,, =
1.35 x 1073 mol dm3) and 1.1 for Cd" (cqy = 1.02 x 10~ mol
dm3). Thus, the formation of the monomeric trichloro complex
is expected for cadmium(ir), where one molecule of water may
co-ordinate to the complex in the same manner as in the
trichlorocuprate(ir) complex, whereas in the case of zinc(i) the
formation of both monomeric and dimeric complexes is
anticipated. The formation of dimeric chloro complexes of
zinc(1) 282 has been reported in acetic acid. Unfortunately,
these complexes have no absorption band in the u.v. and visible
region, and their solubility is too low to analyse the solution
equilibria in detail.
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