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Kinetics of reactions of tetra-y-acetato-dicopper(II) (copper(II) acetate dimer: Cu,(OAc),) with lithium
chloride and hydrogen chloride (XCl where X denotes Li or H) in acetic acid have been studied spectrophoto-

metrically by using a stopped-flow technique with a computer-assisted averaging device.

The rate of decomposi-

tion of copper(II) acetate dimer to the monomeric chloro complex is expressed as —d[Cu,(OAc),]/dt=*'[Cu,-
(OAC),][XCI]. At 25 °C £1°'=(3.54-0.6) x 10° mol-* kg s~ (AH*=50410 kJ mol-! and AS*=30420 J mol-!
K-1) and £%%'=(4.84-1.0) X 105 mol-' kg s (AH*=23410 k] mol-! and AS*=—60-+-20J mol-* K-!). Mecha-
nisms are proposed for the decomposition of copper(II) acetate dimer and some discussions are made on the differ-

ence in reactivities of LiCl and HCI.

Acetic acid has been used as a convenient solvent for
the titration of weak bases.? It is a non-dissociating
solvent having low dielectric constant (D=6.18 at
20 °C®), while it is similar in nature to water for its
amphiprotic character. Grunwald and co-workers have
studied kinetic behavior of proton exchange and ion-
pair exchange (metathesis) in acetic acid.? Although
plenty of information has been so far gathered on
equilibria of metal complexes in anhydrous acetic acid
media,5-? kinetic and mechanistic studies of metal
complexes are scarce.®® It appeared of particular
interest for us to make a kinetic and mechanistic study
of the reactions of the tetra-u-acetato-dicopper(II)
(henceforth we call it copper(II) acetate dimer) with
lithium chloride and hydrogen chloride in acetic acid.
The present study should provide some information on
the reactivity of the dimeric copper entity.

Experimental

All starting chemicals were of reagent grade. Solutions
of reagents were prepared in a glove box filled with dried
alr,

Reagents. Acetic Acid: Potassium permanganate (30
g) was added to acetic acid (3 dm?) and after refluxing for ca.
10 h, the solution was distilled. The distillate was then
refluxed again with about 200 g of boron triacetate for 12 h
and distilled. Calculated amount of acetic anhydride was
added to remove residual water in the acetic acid, and it
was allowed to stand for ca. 4 d at 110 °C.2® The resultant
acetic acid contained at most 1.5X 103 mol dm~* of water
and presumably the same amount of acetic anhydride as
that of remaining water.

Copper(1I) Acetate: Copper(II) acetate was recrystallized
from water. Then it was recrystallized first from reagent
grade acetic acid and then from anhydrous acetic acid, and
dried in a desiccator over sodium hydroxide for a few days
under a reduced pressure. The copper(II) acetate solution
was prepared by weighing crystals, and standardized by
EDTA after evaporating excess acetic acid and then adding
NH; to make the pH buffered at ca. 4.3. The determination
of copper in copper(II) acetate crystals by electrolysis con-
firmed the composition of Cu,(CH,CO,),.

Lithium Chloride: Lithium chloride was recrystallized
twice from distilled water and dried at 120 °C. The solution

was prepared by weighing. Its concentration was checked
by the Mohr method with K,CrO, as indicator.

Hydrogen Chloride Solution: Hydrogen chloride generated
from NaCl with concentrated H,SO, was dried with con-
centrated H,SO, and was led to anhydrous acetic acid. A
hydrogen chloride solution was handled as gently and care-
fully as possible in order to avoid volatilization of hydrogen
chloride. The concentration of each hydrogen chloride
solution for kinetic measurements was determined by means
of mercury(II) thiocyanate method!®) after dilution of the
acetic acid solution with water.

Perchloric Acid Solution: Aqueous solution of perchloric
acid (ca. 609%, super special grade, Wako Pure Chemical
Industries, Ltd.) was diluted with acetic acid, and acetic
anhydride equivalent to water was added dropwise to the
perchloric acid solution keeping temperature of the solution
below 25°C. The concentration of perchloric acid was
standardized against potassium hydrogen phthalate, Crystal
Violet being used as indicator.

Lithium Acetate: Lithium acetate was recrystallized twice
from acetic acid. Crystals were dried over sodium hydroxide
i vacuo. The lithium acetate crystals were dissolved in
acetic acid and the concentration was determined with a
standard perchloric acid in acetic acid using Crystal Violet
as indicator.

Measurements. Spectral measurements were performed
on a highly sensitive spectrophotometer (SM 401, Union
Giken Co. Ltd., Osaka) which enables us to measure spectra
at a full scale of 0.01 optical density. The concentration
of water was determined by the Karl-Fisher aquametry.

Dynamic reactions were followed by means of a stopped-
flow technique using a highly sensitive stopped-flow spectro-
photometer with a computer-assisted averaging device,!
which enable us to follow reactions slower than around 1 ms
of half-life. Although the sensitivity of the instrument is
very high by itself (0.01 absorbance/full scale per cm path
length of light), it gives a poor SN ratio when used as a
detector of a stopped-flow apparatus. Then by repeating
the flow up to 500 times and averaging signals in a micro-
computer, it was possible to improve considerably the SN
ratio and to obtain a smooth reaction trace even at highest
sensitivity of the instrument. The requirement for signal
averagers is that the signal be repetitive. In this apparatus,
since reactant solutions was driven by nitrogen gas pressure
controlled by solenoid valves, the flow was easily controlled
for repeated mixing of reactant solutions. Hence a high
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reproducibility of each signal was attained. In the present
study, the averaged trace obtained from 10—50 flows was
recorded on an X-Y recorder.

Equilibria. There have been some studies on the
monomer-dimer equilibrium of copper(II) acetate in acetic
acid

Kaim
Cu,(OAc), == 2Cu(OAc), (1

Cheng and Howald,!» and Grasdalen and Svare'¥) deter-
mined the monomer-dimer equilibrium constant as a function
of the water concentration in acetic acid. According to
them, the dissociation constant Ky, is less than 5x10-¢
mol dm—3 at 25 °C in dry acetic acid. We have measured the
absorbance of copper acetate solution at 680 nm, where the
dimer has an absorption maximum and the dissociation
products absorb little. Over the copper(II) acetate con-
centration range from 10-3 to 10-2 mol kg—!, the molar
absorption coefficient of copper(II) acetate remained almost
constant (Fig. 1). The spectra of the solution remained
unchanged and showed the characteristic absorption maxima
at 370 nm and 680 nm, indicating the dimeric structure of
copper(II) acetate. We estimated Ky, <{10-7 mol dm™2,
Thus the copper(II) acetate exists solely as a dimer under
our experimental conditions.

g 2o o o C
g B
® a
7
g
(8]
Al
7
]
g
3
W .
% -3 -4 -5
log(C¢,/mol kg—1)
Fig. 1. Dependence of apparent molar absorption

coefficient (§) on copper (II) acetate concentration
(Cgy)- Cgy refers to the concentration per copper
atom in mol kg=1. Curves a, b, and c are calculated
with Ky, =10-8, 10-7, and 10-% mol kg1, respectively.

The presence of a small amount of water (ca. 102 mol
kg—!) is inevitable in the present reaction systems. Water
in acetic acid can behave as a base, but it is very weak.
Perchloric acid and hydrogen chloride, reacting with water,
produce their corresponding hydrates H;O+tClO,~ and
H,O+Cl-. However, these reactions do not occur to an
appreciable extent under our experimental conditions.
Judging from the equilibrium constant (0.64-0.3 mol—!
dm?) for the replacement of one of the two acetic acid mole-
cules on the axial sites of the copper(II) acetate dimer by water
in acetic acid:®

Cu,(OAc),(HOAc), + H,0 =
Cu,(OAc),(H,0) (HOAc) + HOAc  (2)

the monohydrate may be excluded under our experimental
conditions. The equilibria of copper(II) acetate dimer with
hydrogen chloride, perchloric acid and lithium acetate in
acetic acid have been investigated in detail :?
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Cuy(OAc), + 2HCl = 2CuCI(OAc) + 2HOAc

(1047 mol~* kg) (3)
Cuy(OAc), + 4HCl = 2Cu(l, + 4HOACc

(10%*5-2 mol~3 kg?) 4
Cu,(OAc), + 2HCIO, =

2Cu(OAc)(ClO,) + 2HOAc

(1035 mol ™ kg) (5)
Cu,y(OAc), + 4HCIO, = 2Cu(Cl0,), + 4HOAc

(10%0+4 mol~3 kg?) (6)
Cu,(OAc), + 2LiOAc = Li,Cu,(OAc),

(10°-82 mol~2 kg?) (7)
Cu,y(OAc), + 4LiOAc = 2Li,Cu(OAc),

(107%4mol™3 kg®)  (8)

where the values of equilibrium constants for the relevant
over-all reactions are given in parentheses. Coordinating
solvent molecules are omitted for simplicity. The constant
for the formation of chloro copper(II) complex from Cus,-
(OAc), and LiCl not being available, it was confirmed
spectrally that the equilibrium was much favored to the
formation of monomeric chloro complex under our experi-
mental conditions. Comparison of the spectrum of Cu,-
(OACc), with that of the reaction mixture revealed that it was
reasonable to follow the rate of the reaction at 300—320
nm, where the change in absorbance was large. Most of
the runs were thus performed at 315 nm for LiCl and at 305
nm for HCl. From knowledge of the equilibria mentioned
above we were able to set the appropriate conditions for
kinetic measurements.

Results

The kinetics have been followed under conditions
where the reverse reaction can be neglected in the
kinetic study. The increase in absorbance with reaction
time in the presence of a large excess of XCl was satisfac-
torily fitted to a pseudo-first-order rate law. Conditional
first-order rate constants, k3, were obtained from
linear plots according to In (4.—A4,)/(4d-—A4;) = k&
t, where 4,, 4;, and 4. denote respectively the absorb-
ances at zero, at time ¢ and at infinite time. Thus rate
equation for the appearance of monomeric chloro copper
complex (Cu-Cl) or decomposition of copper(II)
acetate dimer is given by

1 d[Cu-Cl] _  d[Cu,(OAc),]
2 d: - dt
= KX [Cu,y(OAc),], (9)

where [Cuy(OAc),] refers to a concentration of copper-
(II) acetate dimer (Cuy(OAc),-2HOAc), and two
solvent molecules coordinated to the axial sites are
omitted for simplicity. Conditional rates were found
to be unaffected by the initial Gu(II) concentration
(4.31 x10-6—7.48 x 10-5 mol kg—1), while the increase
in the XCl concentration resulted in the increase in
k¥, The plot of k¥ against total concentration
of XCl, Cxer, is linear with no intercept (Fig. 2). Then
the rate law is

_ d[Cu,(OAc),]

y = kXC![Cu,(OAc),][XCl], (10)
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Fig. 2. Plots of conditional first-order rate constant
(k,X°!) against the concentration of XCl (Cxg). A:
LiCl, B: HCI, at 20 °C.

TABLE 1. EFFECT OF ADDED WATER ON THE
CONDITIONAL RATE CONSTANTS

HCI system®

LiCl system®

—— e e
10%C,o/  KEICYs 10%Cyy,of kyes-1
molkg-t  (+10)® molkg-l  (£15)®
<0.2 1514259  <0.29 1204259

0.43 151 0.28 108
1.3 170 0.61 105
2.3 177 0.89 105
3.4 191 1.4 106
6.1 233 1.9 119
9.8 244 3.1 140

3.9 156

a) Conditions: Cg,=9.64% 10-¢ molkg-!, Cpi;=
4.31x10-* mol kg1, 25°C. b) Conditions: Cg,=
8.52%10-% mol kg-1, Cxe,=2.50% 10 mol kg1,
25°C. c) Deviation from an average value of
several experimental points. d) No added water.
The concentration of water was less than 2x10-3
mol kg—1. e) This value was estimated from data at
25 °C in Table 2.

where £*®' is a second-order rate constant.  Some
kinetic experiments were carried out to have an idea
of the effect of added water in the present reaction
(Table 1). There was no effect of water at least up to
10-2mol kg—1. As the amount of water in our reaction
systems is at most 3x10-3mol kg—!, the contribution
of water to reaction rates can be neglected. From the
temperature dependence of £*®' (Eyring’s plot), the
activation parameters are calculated, and tabulated in
Table 2.

The reaction of copper(II) acetate dimer (Cou=
9.39 x 10-% mol kg-1) with LiCl (Cric;=4.95 x 10~ mol
kg—1) was followed in the presence of lithium acetate
over the concentration range from 3.59 X 10-5 to 1.20 x
10-*mol kg—!, which does not appreciably favor
equilibria 7 and 8 to the right. We found no kinetic
effect of lithium acetate, which is one of the strongest
bases in acetic acid. The kinetic run of Cuy(OAc),
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TABLE 2. SECOND-ORDER RATE CONSTANTS AND
ACTIVATION PARAMETERS

_5LLiCl 5% HOL
Temp/°C mlo(i—lkkg s/—1 mlt:g“lkkg s/"1
17 1.940.3(8)  4.0+0.7(6)
20» 2.540.5(8) 4.240.9(14)
25 3.5+0.6(22) 4.841.0(19)
30 4.840.8(2) 6.041.5(4)
35 6.041.0(2) 7.3+1.5(4)
AH~*[k] mol-! 50410 23410
AS*/Jmol K-t 30420 —604-20

a) Figure in parenthesis indicates number of runs
carried out at different XCI concentrations. b) Data
for this are given in Fig. 2.

(8.45x 10-% mol kg—!) with HCl (2.72 x 10~* mol kg—?)
was carried out in the presence of up to 1.2 X 10-% mol
kg1 of HCIO,. Perchloric acid at such a concentration
level does not appreciably favor equilibria of Cuy,(OAc),
shown in Eqgs. 5 and 6. The rate constant remained
unchanged in the presence of such amounts of HCIO,,
which is the strongest acid in acetic acid.

The reaction of copper(II) acetate dimer with
perchloric acid (Cu,y(OAc),+4HCIO,~2Cu(ClO,),)
was followed at 680 nm where the difference in absorb-
ance of Cuy(OAc), and Cu(ClO,), is maximum. The
reaction was too fast to be followed in the present
conditions (Cucio,=10-% mol kg~1, C¢,=10-* mol kg7,
25 °C). Judging from the dead time of our apparatus,
we presume the half life time is less than 0.5 ms. Then,
provided the order is first with respect to HCIO,, the
second-order rate constant (k"°'%) seems to be larger
than 3 x 10 mol-1 kg s~1.

Discussion

The values of activation enthalpy and entropy for
kY®' and k"' are very different. We shall consider
the present results in the light of the exchange of acetic
acid at the axial positions of copper(II) acetate dimer.
Grasdalen'® has studied the exchange rate of acetic
acid at the axial positions of the dimeric copper(II)
acetate by measuring *H NMR line width and line
shift in acetic acid/ethanol solutions (kez=3.0x10%s"1
(25 °C), AH5=44.8 k] mol~! and AS35=9.2 J mol-!
K-1). We have also made measurements of the tempera-
ture dependence of the solvent acetic acid proton line
broadening and shift for solutions of copper(II) acetate
dimer in acetic acid, acetic acid/chloroform and acetic
acid/dichloromethane solutions. Activation parameters
for acetic acid exchange were determined to be k.=
(1.2:£0.2) X 10* 571, AH3=50+4 k] mol-! and AS:
=245 Jmol-* K-1 for both HOAc/CDCI; solution
([HOAc]=5.24 mol kg~1) and HOAc/CD,Cl, solution
([HOAc]=1.79 mol kg~1).1®) The values of activation
enthalpy AHZ, for the exchange of acetic acid are
the same even in different diluent solvent (ethanol,
chloroform and dichloromethane) and even for different
concentration of acetic acid in the bulk. The fact
clearly indicates that the rate-determining step for k.,
should be the same in these mixed solvents and also,
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most probably in pure acetic acid solution.

In ethanol solution the axial ethanol molecule on the
copper acetate dimer is readily replaced by acetic acid.1®
This is contrary to the prediction based on the difference
in the basicity between acetic acid and ethanol: the
latter is much more basic than the former. The geometry
should thus favor the coordination of acetic acid by an
extra hydrogen bonding with the bridging acetate.l¥
This hydrogen bonding appears to account for the
unexpectedly slow exchange rate of acetic acid at the
copper acetate dimer without recourse to the exchange
between axial and bridging ligands.15:19

In view of the fact that the activation enthalpy for
the reaction of copper acetate dimer with lithium
chloride is the same as that for the acetic acid exchange,
it seems reasonable to suppose that the reaction of copper
acetate dimer with lithium chloride is a dissociative
interchange mechanism: in the transition state the
chloride ion in LiCI'® enters the apical coordination
site vacated in the solvent dissociation. Positive activa-
tion entropy for £ is in harmony with this disso-
ciative mode of activation. The coordination of chloride
to copper initiates the decomposition of the dimeric
structure, followed by fast reactions leading to mono-
meric chloro complexes.

The activation enthalpy for £ is smaller than for
k.x, while the activation enthalpy for £ is identical
with that for k., within experimental errors. The rate
for the reaction of Cuy(OAc), with HCIO, is much
faster than that with HClL. At this stage it is of interest
to consider the role of ionization and dissociation of
reactants in the present reaction systems. Dissociation
of AB is written as

AB = A*B~ = A* 4 B-
with the overall dissociation constant Kp:
__[AT+[B7] _ KK,
" [AB]J+[ATBT] T 1+K
where K is an ionization constant and Kg4 is a dissocia-
tion constant.!® Available values of K4 are 10-7-10 for
LiClL20:21) 10-6.78 for LiOAc,20:2» 10-8:% for HCL,2?
10-101 for H,0,29 and 10-5-87 for HCIO4.29 K, can be
calculated by an equation of the type derived by Fuoss
for ion-pair formation.?®  Therefore unknown Ky
values may be predicted, at least to a correct order of
magnitude. On this basis, K4 is estimated to be about
10-¢ mol dm—3 for all of these 1:1 electrolytes. Then
values of K; for LiCl, LiOAc, HCl, and H,O can be
estimated to be 10-1-1, 10-9:8, 10-2:6, and 10—%-1, respec-
tively. Hydrogen chloride and water are largely un-
ionized, while lithium chloride and lithium acetate are
to a considerable extent in the form of undissociated
ion-pair. Itshould be noted that the extent of ionization
is largest for perchloric acid.

It seems likely that the rate-determining step for HCI1
and HCIO, is the proton-assisted cleavage of a copper-
oxygen bond. Since perchloric acid is ionized to a
much larger extent than hydrogen chloride, it may act
more effectively on copper—oxygen bond than un-ionized
HCI molecule. The addition of a proton from HCI to a
bridged oxygen results in a polarized transition state
leading to the cleavage of a copper—oxygen bond.
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Subsequent formation of monomeric chloro copper(II)
complexes should be fast. The negative activation
entropy for £"' is consistent with preequilibrium
involving HCI addition: polarized transition state
should favor the solvation of the activated complex.
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