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The dissociation constant for the dimer of cupric acetate has been determined in glacial acetic acid. The method employs a

kinetic study of the oxidation of alkyl radicals by monomeric cupric species in the presence of hydrogen donors,
acetic acid, cupric acetate is highly dimerized, and the dissociation constant is 5.8 &= 0.3 X 107% M at 57°.

In glacial
For the dis-

sociation of the dimer at 57°, AF = 4.9 & 0.4 kcal./mole, AH = 12 % 1 kcal./mole, and AS = 22 =+ 4 cal./deg. mole.

Water and pyridine promote dissociation of the dimer.

The dissociation constant is determined at several concentrations

of water and pyridine in acetic acid. Acetates, as alkali metal salts, in glacial acetic acid also effect efficient dissociation of

the dimer, presumably to acetatocuprate ions.

Cupric acetate is representative of several metal ace-
tates which exist in the crystalline phase as a dimeric
entity. The crystal structure of cupric acetate mono-
hydrate determined by X-ray crystallography shows
the presence of an extremely short (2.64 A.) Cu-Cu
distance in which the Cu atoms are bridged by four
acetato groups.! The two axial positions are occupied
by water. Similar bridging acetato groups have been
shown to exist in other dimeric and polymeric com-
plexes of chromium(II),? molybdenum(II),%* rhodium-
(11),58 rhenium(IT),” beryllium(II),® palladium, and
ruthenium compounds.®

In addition to cupric acetate, a number of other cup-
ric carboxylates have also been formulated as dimeric
species by their abnormally low magnetic moments,0~13
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The latter has been attributed to a spin-exchange
mechanism which results from the close proximity of
copper atoms in the dimer. Recently, a number of
copper(Il) complexes with short Cu-Cu bond dis-
tances have been found which exhibit normal mag-
netic moments.!* Dimer formation or closeness of
copper atoms in a complex, thus, is not alone a neces-
sary criterion for subnormal magnetic moments. The
nature of the Cu—Cu interaction in dimeric cupric
acetate has been treated theoretically by several work-
ers.’® A §-model and a o-bond model have both been
proposed, but the resolution of this dichotomy is still
pending a detailed treatment.!®

The dimeric structure of cupric acetate persists in
many nonaqueous solvents.” Protic solvents such as
water and methanol promote dissociation. Pyridine
also destroys the dimeric structure because of its
strong coordinating power with copper(II).!¥ FEthers,
aromatic hydrocarbons, and carbon tetrachloride quali-
tatively effect slight dissociation in varying degrees.
The methods which have been employed to determine
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the nature of the copper(Il) species include magnetic
susceptibility measurements, absorption spectra, and,
in a few cases, actual isolation of dimeric copper(I1)
complexes. At best, these measurements have been
highly qualitative. For example, the weak absorption
band at 375 my has been attributed to the dimer,'® but
no quantitative determination of its importance has
been evaluated.

The degree of dissociation of cupric carboxylates
{CuX;) has also been qualitatively related to the acid
dissociation constant of the conjugate acid (HX).!!
Thus, cupric salts of the strong trihaloacetic acids show
normal magnetic moments and no absorption at 375 my.

In order to relate bulk magnetic susceptibility meas-
urements to magnetic moments of cupric complexes,
it is desirable to know the population of each species in
solution. OQur interest in this problem stems from the
use of cupric salts in kinetic studies. Alkyl free radicals
such as butyl radicals are readily oxidized in solut on by
cupric carboxylates.” The determination of the rate of
this reaction requires information about the nature
and concentration of kinetically distinguishable cupric
complexes.

In the following section, a brief background will be
laid for the kinetic determination of these species.

Oxidation of Alkyl Radicals by Copper(Il).—The
decomposition of peroxides is catalyzed by cuprous
species in the presence of cupric salts. Compared
to the latter, the former is present in only low steady-
state concentrations.?’ A radical-chain mechanism
involving the capacity of copper species to undergo
oxidation and reduction with free radical intermediates
has been proposed? and has received extensive sup-
port.?228  The mechanism is described for valeryl per-
oxide by eq. 1-3.%¢

(CiHCO)s + Cul —> CHCO;- 4 CH,CO,Cull (1)
CiHCOs —> Cillyr + CO, (2)

ke
CH,y- + Cul'O,CCHy —> C.H; —+ CiH,,COH 4- Cul (3)

Step 3 of the chain mechanism involves the oxida-
tion of the intermediary butyl radicals by copper(II)
salt to butene-1 and the concomitant regeneration of
copper(I) salt. In the presence of substrates (RH)
possessing labile hydrogens, the butyl radicals also
form butane in a competing hydrogen-transfer reac-
tion (eq. 4). The latter reaction serves as a convenient

k
RH + Ci,- —> CiHyp & R (4)

internal monitor for measuring the rate of oxidation of
butyl radicals by copper(II) salts (eq. 3).
In 64 mole 9 aqueous acetic acid the rate of reac-
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Gordon, Inorg. Chem., 4, 1083 (1965); D. P. Graddon, J. Inorg. Nucl. Chemn.,
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tions 3 and 4 increased linearly with cupric acetate and
hydrogen donor, respectively.® A first-order depend-
ence on hydrogen donor and cupric ion is indicated.
In glacial acetic acid, the hydrogen-transfer reaction
(eq. 4) is still first-order in hydrogen donor, whereas
the oxidation reaction (eq. 3) is half-order with respect
to total copper acetate. Such a discrepancy is readily
reconcilable if one considers the dimer to be the pre-
dominant form of cupric acetate :n glacial acetic acid.
In aqueous solutions cupric acetate is extensively dis-
sociated. It is apparent from these studies that of the
extant cupric complexes in solut on, only the monomeric
cupric species are capable of oxidizing alkyl radicals.

The oxidation of butyl radicals by cupric salts (eq. 3)
as well as the hydrogen-transfer reactions {eq. 4) with
hydrogen donors can, thus, both be considered second-
order reactions.?® The relative rate of oxidation and
reduction is given by eq. 3.

ke [C.}Hg]

e [RH] )
Fr = [Culln] [Cu(ID)] (3)

If the dimer of cupric acetate? is dissociated accord-
ing to eq. 6, the concentration of the monomeric cupric

Cuy(OAc), é 2[Cu(OAc)] (8)
species in equilibrium with dimer is expressed by
eq. 7. The total cupric acetate, [Cu(OAc);ls, is given

[Cu(OAc)] = K':[Cus(OAc)]'/2 (7)
The simulta-
2[Cu(OAc)s] + [Cu(OAc)] (8)
= 2K Cu(OAc)]? 4+ [Cu(OAc)] (9)

by the conservation equation (8).
[Cu(OAc)]:

ous solution of eq. 5 and 9 yields eq. 10 after re-

[Cu(OAc) ] [Calio] _ _y Fen\ * [CyHs] ki
w e = 2 () e i + o
arrangement. The left-hand side of eq. 10 is readily

evaluated by determining the relative yields of butane
and butene-1 obtained from the decomposition of va-
leryl peroxide in the presence of known amounts of
total cupric acetate and hydrogen donor. Hence &
plot of {[Cu(OAc),]:/ [RH]}{ [CHy )/ [CiHs)} against
[CHs][RH]/[CiHip] should be linear with intercept
kn/k. and slope 2K~ (kyn/k.)%

Results and Discussion

Figure 1 illustrates the linearity obtained from eq.
10 by plotting | [Cu(OAc),)s/ [RH]}H [CiHs]/ [CiHyol}
against [C.H3][RH]/[C.Hy]. In a particular deter-
mination, the concentration of the hydrogen donor was
usually maintained constant and the cupric acetate
varied over an approximately tenfold range. At 1
M m-butyraldehyde, the solvent consists of 94 mole 9
(92 vol. 9}) glacial acetic acid and at 0.32 M it is 08

(25) .V.S8ubramanian and J. K. Kochi, to be publish.d.

(26) Competitive kinetics does not allow the determination of the kinetic
order in butyl radicals for the oxidation and reduction reactions, other than to
indicate that it is the same for both, However, it is not critical for the deter-
mination of K. The contrary notwithstanding, we assume in the following
discussion that both reactions are first order in butyl radical.

(27) The dimer of cupric acetate is actually Cu:(OAc)4s(HOAc): [D. P.
Graddon, J, Inorg. Nucl, Chem., 17, 222 (1961)] and the monomer is prob-
ably Cu(OAc): or Cu(OAc):(HOAL):.
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Figure 1.—Determination of K and k,/k. at various hydrogen-donor and cupric acetate concentrations.
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A, n-butyraldehyde: O,

0.966 M; &,0.644 M; @,0322 M. B, dibenzyl ether: O, 0.751 M; @, 0.451 M.

TABLE I

DissociaTioN CoNSTANT FOR CoPPER(II) ACETATE DIMER IN GLaciaL AceTic Acip®

Cupric acetate,? W

X 1074-4.,16 X 103
X 1074-4.16 X 1078
X 1074-3.23 X 10~
2 X 1074-2.65 X 103
5,20 X 1074-4.16 X 103

5.20
5.20
5.39
5.3

Hydrogen donor (M) fen/ ke —log K
n-Butyraldehyde (0.966) 4.4 X 107¢ 3.21
Isobutyraldehyde (0.941) 9.9 X 10 3.18
Dibenzyl ether (0.751) 2.6 X 10~* 3.22
Dibenzyl ether (0.451) 2.3 X 10 3.30
Dichloroacetic acid (1.04) 3.4 X 10°¢ 3.27

¢ In solutions containing 0.07 M valeryl peroxide at 57°.

® Lower and upper limit of the variation in the cupric acetate concentration.

mole 9%, (97 vol. 9;). Such ranges of solvents have
largely the properties of glacial acetic acid with respect
to the monomer—dimer equilibrium of cupric acetate.
Thus, variation of the hydrogen donor in the concen-
tration range 0.3—1 M does not materially alter the
equilibrium constant. The data fit on the same linear
correlation independent of the concentration of cupric
acetate and RH within the aforementioned solvent
composition. With such neutral hydrogen donors as
aldehyde and ethers, it is not surprising that limited
amounts have an immeasurable effect on the cupric
species. Moreover, in this range the derived value of
the dissociation constant is independent of the hydrogen
donors listed in Table I. The best value for the dis-
sociation constant of the cupric acetate dimer in glacial
acetic acid is 5.8 == 0.3 X 10— M at 37°. At2 X103
M cupric acetate?® this equilibrium constant corre-
sponds to 309, dissociation of the dimer. The accom-
panying donization of the cupric acetate species in
glacial acetic acid is several orders of magnitude smaller

(28) Unless stated otherwise, the concentration of cupric acetate is based
on the monomer,

than the dissociation of the dimer.?® The contribution
from cationic cupric species to the over-all dissociation
constant is, therefore, unimportant. The value of the
dissociation constant is higher in acetonitrile, being
9.1 X 10-3 M (759, dissociated at 2 X 10—3 M) at the
same temperature.

The temperature was varied incrementally between
41 and 82°, and the dissociation constants were 2.2 X
10—* M at 41°, 4.7 X 10—* M at 51°, 1.3 X 10~% M at
71°, and 2.4 X 1073 M at 82°. The logarithm of the
dissociation constant plotted against temperature is
linear. The free energy of dissociation at 57° in glacial
acetic acid is 4.9 = 0.4 kecal /mole, assuming unit ac-
tivity at the low concentrations of salt employed.
The enthalpy change is 12 % 1 kcal /mole and the
entropy of dissociation is 22 % 4 cal./deg. mole.

Energetically, the values compare favorably with

(29) O. W. Kolling and J. L. Lambert, Inorg. Chem., 8, 202 (1964), com-
pared the ionic dissociation of cupric acetate with a number of other mono-
meric metal acetates in glacial acetic acid. Its behavior was not unusual,
The dissociation process which they are measuring for cupric acetate is
ambiguous, since monomeric and dimeric species must both be considered in
the light of our results, - See also A, T, Casey and K. Starke, Anal. Chem., 81,
1060 (1959).
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TABLE II

Di1ssoc1aTION CoNSTANT FOR COPPER({II) ACETATE DIMER IN AQUEOUS AcETIC AcID SOLUTIONS”

Water, Dissociation,
mole % Hydrogen donor {M) Cupric acetate, M? En/ke —log K LAY
0 n-Butyraldehyde (0.966) 5.20 X 1074+4.16 X 103 4.4 X 10™* 3.21 24-53
8.6 n-Butyraldehyde (1.81) 2.12 X 107+2,08 X 10-3 1.3 X 10~ 3.21 29-70
29 n-Butyraldehyde (1.61) 1.59 X 10~+1.56 X 103 1.1 X 10¢ 2.27 61-94
64 n-Butyraldehyde (2.58) 2.60 X 107%-2.60 X 1073 1.7 X 10~ 1.46 83100
1.8 X 107 1.30¢
64 n-Butyraldehyde (1.61) 2.60 X 107+1.95 X 103 1.7 X 10~# 1.72 88-100
1.8 X 1074 1.924
64 n-Valeraldehyde (1.63) 2.60 X 1074-2.60 X 1073 1.5 X 10-¢ 1.89 85-100
64 Dichloroacetic acid (1.04) 5.20 X 107+-3.12 X 1078 3.1 X 10™¢ 0.70 83~100

¢ In solutions containing 0.07 3 valeryl peroxide at 57°.

® Lower and upper limits of variation in cupric acetate concentration.

¢ Lower and upper limits of dissociation of cupric acetate dimer corresponding to cupric acetate concentration given in column 3 (upper

and lower, respectively).

¢ Obtained from CsHg—CyHy, formed from propyl radicals produced by the secondary source.

TaBLE III

EFFECT OF PYRIDINE ON THE DI1SSOCIATION CONSTANTS OF CUPRIC ACETATE DIMER IN (GLACIAL ACETIC AcIp”

Pyridine, M Hydrogen donor (M)
0 Dibenzyl ether (0.451)
0.184 Dibenzyl ether (0.451)
0,368 Dibenzyl ether (0.451)
0.736 Dibenzyl ether (0.451)
1.06 Dibenzyl ether (0.451)
3

c Dibenzyl ether (0.451)
Lt Butyraldehyde (1.61)

“ In solutions containing 0.07 M valeryl peroxide at 57°.

[N e i e i o NN

0

® In glacial acetic acid with 1:1.1 mole ratio Cu(II) to a,a’-bipyridine.

Cupric acetate, M kn/ke —log K
.532-2.65 X 1073 2.3 X 10 3.30
.534-2.60 X 10-8 8.2 X 103 1.89
.532-2.12 X 10~# 1.0 X 10 2.49
.106-1.06 X 103 1.9 X 10~ 2.05
.534-2.67 X 108 2.9 X 10+ 1.72
.512-2,56 X 103 5.2 X 104 2.38
,260-1.30 X 103 2.9 X 107 2.03

¢

In

64 mole 9, aqueous acetic acid with 1:1.1 mole ratio Cu(I1) to «,«’-bipyridine.

those obtained by Cotton and Fackler® for the related
dissociation of the trimer of bis(2,6-dimethyl-3,5-hep-
tanedionato)nickel(II) in toluene. In the latter case at
25°, AF = 5.7 = 0.3 kcal./mole, AH = 15.0 = 1 kcal./
mole, and AS = 31 = 5 cal./deg. mole have been re-
ported.

In aqueous acetic acid solutions, the apparent dis-
sociation constant of cupric acetate dimer increases
with the water content of the medium as given in Table
I1I. However, the relationship between the concentra-
tion of water and the dissociation constant (or the
logarithm of the dissociation constant) is not linear.
Small amounts of water have very little effect on the
dissociation of cupric acetate dimer. Glacial acetic
acid used in these studies contained less than 0.19%
water by Karl Fischer titration. When the water
content of acetic acid was reduced to 0.019, (5 X 103
M) by reaction with a small excess of acetic anhydride
followed by distillation, the value of X was not mate-
rially altered. Moreover, deliberate addition of water
up to 86 mole %, also did not affect this value. No
doubt acetic acid, which as solvate occupies the axial
coordination sites in anhydrous cupric acetate dimer, is
partially replaced by water.2? However, at low con-
centrations of water this does not materially alter the
dissociation constant of cupric acetate dimer.

A concentration of 30 vol. 9, water is sufficient to
maintain cupric acetate (1073 M) almost completely
as monomeric entities. The effect of water on the dis-
sociation is at least twofold: aquation and partial
hydrolysis of the dimeric cupric acetate. The large

(30) F. A. Cotton and J. P. Fackler, Jr., J, Am. Chem. Soc., 83, 2818
{19861).

difference in the dielectric constant of water (78.3)
compared to acetic acid (6.2) also favors dissociation.!!
The equilibrium constant obtained in aqueous acetic
acid solutions undoubtedly represents a composite
value including several monomeric neutral and cationic
cupric species, such as Cu(OAc);(H:0), Cu(OAc)-
(H:0),,*, and Cu(H;0),%2. This approximation is
not the only limiting factor for determinations in aque-
ous solutions. The dissociation constant obtained
from eq. 10 is highly sensitive to the value of kn/ke
and the slope, since it is obtained from the latter by
dividing it by the square of ky/k.. Under conditions in
which K exceeds 10~% M, the slope is shallow and the
determination of K is subject to greater error from
kn/k.. High reproducibility of the dissociation con-
stant is difficult to obtain under these conditions. The
dissociation constant of the dimer in 64 mole %, agueous
acetic acid is 2 X 1072 M (989, dissociation at 2.6 X
10— M )

When aldehydes are used as hydrogen donors, it is
possible to employ the alkane/alkene ratio for the
alkyl moiety derived from the decarbonylation of the
aldehyde, as well as that obtained from the peroxide.
For example, the decomposition of valeryl peroxide
in the presence of butyraldehyde generates butyl
radicals from the former and propyl radicals from the
intermediate propionyl radicals

CHaCHgCHQCHO + CHaCHzCHzCHQ —

CH,CH,CH,CO- + CH,CH,CH,CH, (11)
CH,CH;CH,CO- —» CH,CH;CH;- & CO  (12)
CiHsO
= > C4Hy 4 CHCH,CH,CO-, ete. (13)
CH:;CH.CH;:-—| cu(n
b——— C;H; + Cu(l), ete. (14)
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It is shown in Table II that the equilibrium constant
based on the alkane/alkene ratio derived from the
aldehydic donor is essentially the same as that obtained
from peroxide. Furthermore, the behavior of alkyl
radicals is independent of their origin, and propyl
radicals derived from the secondary source (butyralde-
hyde donor) are the same as those derived from the
primary source (butyryl peroxide). It is assured,
therefore, that values obtained for the dissociation con-
stant of cupric acetate dimer are independent of the
peroxidic and hydrogen-donor components.

A consistency is further obtained in the relative rates
of reduction and oxidation, kn/ke, with changing sol-
vent and hydrogen donors. Within experimental
error, this ratio is the same for n-propyl and z-butyl
radicals as given in Table II. It is also largely inde-
pendent of the water content of aqueous acetic acid
solutions. This contrasts with the large variation in the
dissociation constant with the same variations in sol-
vent. Hydrogen-transfer rates kb, of free radicals are
generally invariant with solvent changes.?' The con-
stancy of kn/k. implies that the oxidation rate constant
k. for cupric acetate is also remarkably insensitive to
changes in water concentrations.

Pyridine.—The effect of pyridine in acetic acid is
shown in Table III, The dissociation constant is af-
fected to a much larger degree by pyridine than itis by
water at the same concentration. At concentrations of
pyridine as low as 0.2 }, cupric acetate (102 M) is 889,
dissociated. This is not surprising in view of the large
value of the association constant between cupric ion
and pyridine in aqueous solutions.?? The value for the
dissociation constant obtained by this method is a
composite value (as it is in water) since pyridine is
undoubtedly involved in multiple coordination with
cupric acetate. The dissociation constant as well as
ku/ke appears to reach a slight minimum as the pyridine
concentration is increased from approximately 0.1 to
1 M. The experimental significance of such a small
change is difficult to ascertain. However, if the reason-
able assumption is made that k; is affected by pyridine
in a minor way, the variation of kn/k, with pyridine
indicates that k. approaches a maximum at a pyridine
concentration of approximately 0.1 to 0.2 M. This
pyridine concentration may represent the optimum for

Ci(OAC)(HOAC); + 2py == Cue(OAc)py: -+ 2HOAc  (15)
<—

Cuz(OAc)ipy: + n(py)

2Cu(OACDYIem 7 =2m = 0,1,2,3 (16)

the monopyridine complex as a monomer, Cu(OAc),:
py (m = 0), as well as a dimer Cuz(OAc).pys. The
latter complexes as the benzoates have recently been
isolated.3?

a,o’-Bipyridine in stoichiometric amounts also in-
creases the dissociation of cupric acetate dimer. In

(31) C. Walling, ‘‘Free Radicals in Solution,” John Wiley and Sons, Inc.,
New York, N. V., 1960; F. R, Mayo, Abstracts, 149th National Meeting
of the American Chemical Society, Detroit, Mich., April 19635, p. 14P.

(32) L. G. Sillén and A, E. Martell, “Stability Constants of Metal-Ion
Complexes,” Chemical Society Special Publication, No. 17, London, 1964, p.
440,
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Figure 2.—Dissociation of cupric acetate dimer (4.48 X 10~3
M) by lithium acetate in glacial acetic acid: A, 0.01 M, B,
0.20 M; C,030 M; D,0.50 M; E,1.0 M; F, 2.0 M.

TABLE IV

EFrFECT OF SALTS ON THE DiIsSOCIATION CONSTANT OF CUPRIC
ACETATE DIMER IN GLACIAL ACETIC ACID?

Salt (M) Cupric acetate,® M En/ ke ~log K
None 0.532-2.65 X 10~3 2.3 X 10—+ 3.30
LiClO, (0.085) 0.532-2.66 X 10~% 1.4 X 10~¢ 3.34
LiClOs (0.21)  0.532-2.66 X 10~% 7 X 10-¢ 3.7
NaQOAc (0.085) 0.520-3.12 X 10~3 4 X 10-° 3.1°
NaOAc (0.23) 0.532-2.66 X 10~ 1.3 X 10—* 2.70
LiOAc (0.21)  0.520-2.60 X 103 1.4 X 10—+ 2.50

LiOAc (1.04) 0.520-3.12 X 10~* 2.3 X 10— <0.5°

¢ In glacial acetic acid containing 0.451 M dibenzyl ether and
0.07 M valeryl peroxide at 57°. ® Range of Cu(II) concentra-
tions examined. °© Approximate value, correction for blank very
large. ¢ Dimer completely dissociated, none detectable.

glacial acetic acid containing a 1.1 equiv. of «,a’-
bipyridine, cupric acetate (4 X 10—% M) is not com-
pletely monomeric, since the dissociation constant
given in Table IIT represents 509, dissociation.
Acetate.—Addition of acetate salts to a solution of
cupric acetate in glacial acetic acid changes its color
from green to blue. Its effect is similar but distinect
from pyridine.?* Changes in the absorption spectra
by acetate ion shown in Figure 2 diagnose a simul-
taneous disappearance of the dimer. Measurements of
the dissociation constant by the kinetic method clearly
demonstrate that acetate ion effects complete dissocia-
tion of the dimer at concentrations as low as 1 M (Table
IV). At 0.2 M, a solution of cupric acetate (4 X 103
M) is 469, dissociated. Acetate ion causes propor-
tionately less dissociation as its concentration is de-
creased to zero. Unlike pyridine, lithium acetate

(33) R. D. Gillard, D. M. Harris, and G. Wilkinson, J, Chem. Soc., 2838
(1964); ¢f. also G, A. Barclay and C. H. L, Kennard, ibid., 5244 (1961);
F, Hanic, D. Stemplova, and K. Hanicova, Chem. svesti, 18, 102 (1961);
Acta Cryst., 17, 633 (1964).

(34) The effect of pyridine on cupric acetate in glacial acetic acid is only
partially due to acetate from metathesis, HOAc 4+ py = pyH* + OAc—:
K. Heymann and H, Klaus, “Chemistry in Lower Fatty Acids and Deriva-
tives,” H, Spandau and C. Addison, Ed., Interscience Publishers, New York
N. Y., 1963, p. 19ff.
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causes no maximum in K at low concentrations.®® Lith-
ium perchlorate as a neutral salt does not increase the
dissociation of the dimer.

Cux(OAc)(HOAc); + n0OAc™ > 2Cu(OAC)s ™™ +
2HOAc n =2m = 2,4 (17)

Anionic together with cationic complexes of cupric
acetate are readily formed in aqueous solutions.?
Triacetatocuprate (m = 1) is the preferred anionic
species, and tetraacetatocuprate (m = 2) is only avail-
able at high acetate concentrations. The relevant
complexation constants in solutions of ionic strength
1 M are®®: 8, = 47 M1, 8, = 450 M2, 3, = 1150
M-8 B, = 750 M~

The values of the dissociation constants obtained by
the kinetic method are consistent with qualitative ob-
servations of the visible absorption and electron spin
resonance spectra, In glacial acetic acid, cupric ace-
tate appears as a green solution, due to the broad ab-
sorption at 690 mu (apparent extinction coefficient =
200 1./mole-cm., calculated on the basis of monomeric
cupric species). A weak band also appears at 370 mu
(€app 60). The intensity of both bands decreases with
increasing water content of the medium at constant
cupric concentrations. For example, e, decreases
progressively from 200 to 120 as the water concentra-
tion is increased from O to 20%. The band at 370
mu disappears altogether at greater than 259, water.
The latter solutions are spectrally indistinguishable
from aqueous solutions of cupric ion. Perchloric acid
has a much larger effect than water, and addition of
only small amounts to glacial acetic acid solution causes
instantaneous decoloration of the green color to a very
pale solution reminiscent of aquo Cu(II) ions.

Cupric acetate in glacial acetic acid shows a very
weak and broad electron spin resonance absorption at
3200 gauss.¥” The same solutions containing small
amounts of perchloric or trichloroacetic acid show a pro-
nounced absorption characteristic of monomeric cupric
species. Furthermore, in progressively aqueous solu-
tions, the signal also increases as the absorption band at
690 mu decreases and reaches a maximum at approxi-
mately 15-259, water. At the high water concentra-
tionts cupric acetate is highly dissociated, and if the re-
sults in 259, aqueous acetic acid are simply extrapolated
to glacial acetic acid solutions, a value for the dis-
sociation constant of a cupric acetate in glacial acetic
acid is calculated as approximately 10—* M at 25°
The latter value is consistent with that obtained by the
kinetic method.

Experimental

Materials.—Anhydrous cupric acetate (Cu(OAc).) was from
McGean Chemical Co. A stock solution of cupric acetate was
prepared in glacial acetic acid. Dichloroacetic acid was Fisher
purified reagent. N-Valeraldehyde, n-butyraldehyde, and iso-

(35) Strictly speaking, it is not the acetate ion, but metal acetate which is
involved in the dissociation, since alkali metal acetates and even perchlorates
are only slightly ionized in glacial acetic acid: L. H. Sutcliffe and J. Proll,
Trans. Faraday Soc., 67, 1078 (1961); 8. Bruckenstein and I. M. Kolthoff,
J. Am. Chem. Soc., 78, 2974 (1956).

(36) I. Lundqvist, Acia Chem. Scand., 18, 858, 1125 (1964).
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butyraldehyde (Matheson Coleman and Bell, reagent grade)
were redistilled and preserved under argon at 0°.  Dihenzyl ether
(Eastman Organic, reagent grade) was distilled iz vacwe [b.p.
120-130° (5 mm.)] and preserved under argon at 0°. Aceto-
nitrile (Fisher certified reagent) was distilled from phosphorus
pentoxide and sodium carbonate. Glacial acetic acid was Du
Pout or Baker and Adamson reagent grade. Its water content
determined by Karl Fischer titration waslessthan 0.19,. Argon
was from the Linde Company.

N-Valeryl peroxide was prepared from #-valeryl chloride and
hydrogen peroxide as described earlier.3

Decompositions.—The required amounts of stock solutions
of the peroxide, cupric acetate, and hydrogen donor were pipetted
into a 100-ml. reaction flask. Enough solvent was added from a
buret so that the volumes of the reactants together with the
solvent added up to 35 ml. The reaction flasks were stoppered
with self-sealing rubber serum caps and bound with rubber bands
to maintain a gas-tight seal under pressure. The reaction mix-
tures were then stirred for 40 min. while being deaerated with a
slow stream of argon introduced with hypodermic needles.
The flasks were cooled in an ice bath without freezing the con-
tents during deaeration, in order to minimize entrainment of the
contents. After flushing, the reaction flasks were placed in a
thermostated bath (=40.1°) for approximately 2 hr. Reaction
was terminated by removing the flask from the bath and cooling
it in an ice bath. Less than 3 mmoles of peroxide was emploved,
and in most cases it was not decomposed completely. Hence,
the concentration of the substrate remained practically unchanged
during the reaction. Since the concentration of cupric acetate is
not altered, the ratio [RH]/[Cu(OAc),] was essentially constant
during the decomposition.

Analysis.—The reaction flasks were equilibrated at room tem-~
perature and samples of gas withdrawn and analyzed by gas
chromatography on a 15-ft. column of 309, Dowtherm on fire-
brick at 20° (propane, 5 min.; propylene, 6 min.; butanc, 12
min.; and butene-1, 15 min.) Known volumes of the purc gases
(Matheson Co. or Phillips pure grade) were mixed in various
ratios of volumes. They were equilibrated over the solvent
used in the reactions and then analyzed to obtain a calibration
factor relating the gas chromatography area ratios of the gases to
their molar ratios. The calibrat'on factor was invariant over
the range of molar ratios examined. Reaction mixtures con-
taining glacial acetic acid were diluted with water to 34 wt. %
aqueous solutions and equilibrated before removal of gases for
analysis. The calibration factor previously obtained for 349
aqueous acetic acid solutions could be used in converting arca
ratios to volume ratios.

The observed area ratios of the gases were first corrected for
formation of butane from the solvent (acetic acid) itself acting as a
poor hydrogen donor

CHyo ks[HOAC] ___Akx[RH]
C4Hg )obsd - keICU(OAC)z} ke[Cu(OAc)g]
C4H1o C4H10

B (C4Hs>5 * (—CTH;>RH (19)
where S refers to solvent. The value of (C4H;p/CyHzs)s for the
solvent blank was determined from the ratio of butane to butene
formed in the absence of substrate and at various concentrations
of cupric acetate. The desired value of (CiHip/CiHs)rm was then
obtained by subtracting (CsHip/CsHs)s from (CsHio/CiHg)obed.
This ratio, (CsHi/CsHs)rr, was further converted to the molar
ratio with the calibration factor determined earlier. The molar
ratio was then used in subsequent calculations to evaluate the

equilibrium constant and kn/k. as illustrated in Table V for a
typical case.

(18)

(37) B. Bleaney and K. D. Bowers, Proc. Roy. Soc. (London), A214, 451
(1952); A, H. Maki and B. R. McGarvey, J. Chem. Phys., 29, 31, 35
(1958); D. Kivelson and R. Nieman, 7bid,, 86, 149, 156, 162 (1961); H. R.
Gersmann and J. D. Swalen, ibid., 86, 3221 (1962); H. C. Allen, G. F. Kokos-
zka, and R. G. Inskeep, J. Am. Chewm. Soc., 86, 1023 (1964).

(38) J. K. Kochi and R. V. Subramanian, ¢bid., 87, 5108 (1965).
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TABLE V

TvypicaL DATA FOR THE EVALUATION OF THE EQUILIBRIUM
Constant K*

[Cu(OAc):]
[RH]

REeacTION OF V(IV) anD Cr(II) Ions 1N Acip SoLution 1533

C4H10] [ C:Hj :l _ ks[HOAc]
RE

Cets || Calo ko[RH] (20)

constant, if the treatment is valid. This check is established in
Table VI for a typical example.

= = TaBLE VI
= 5 . Em = ALKANE/ALKENE FROM THE BLANK As CORRECTION®
2 @ o =t = [ CiH
| ol - Z| g =1 =1k Hs /s
Sid oL9) alke]} SId SI13 8119) Cupric acetate, (C‘H1“> <C4H1°) <C4H1°)
~— ~— ~ ~ ~ ~ M CiHs /s C4Hs / RE C4Hs / RH
0.83 0.14 0.69 0.58 1.7 1.6 X 10: 2.60 X 10-3 0.012 0.24 0.050
0.95 0.16 0.79 0.66 1.5 1.4 ><10_3 6.50 X 10—+ 0.044 0.89 0.050
1.5 0.28 1.2 1.0 0.97 1.1 X 10_3 3.90 X 10—4 0.066 1.4 0.047
2.3 0.50 1.8 1. 0.64 0.81 X 10 2.60 X 10—4 0.10 2.0 0.050
_a RHb = n-butyraldehyde (0.966 M); solvent: glacial acetic ¢ RH = n-butyraldehyde (2.58 M) in 64 mole % agueous acetic
acid. (C4H10/C4Ha)area =12 X (C4H10/C4Hs)molur~ acid

According to eq. 18 and 19, the ratio of butane to butene in
the blank divided by that in the presence of hydrogen donor
should be related to the solvent and hydrogen-donor concen-
trations as in eq. 17. At constant substrate and varying cupric
acetate concentration, the right-hand side of eq. 20 should be
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A study has been made of the kinetics of the reaction of vanadium(IV) and chromium(II) in acidic perchlorate solutions.
Rate measurements at low [H*] establish that the major fraction of the reaction occurs quite rapidly; a small portion of the
reaction proceeds by way of a dinuclear intermediate, VO(OH),Cr*~".  The direct reaction and the intermediate formation
occur rapidly (2 > 8 X 108 M ~1sec."lat 5.0°). The intermediate decomposes to V3+ + Cr3+ at a measurable rate obeying
pseudo-first-order kinetics. The rate exhibits a complex dependence wpon hydrogen ion concentration (0.01-1 F HCIO, at
1.00 M ionic strength). A mechanism is proposed involving an acid ionization equilibrium which can be verified inde-
pendently from spectral studies on the intermediate. The equilibrium quotient and decomposition rates were measured at
5-25° and the corresponding thermodynamic activation parameters were evaluated. The rate of this decomposition reac-
tion is compared with that in several related systems, and a general correlation found of decomposition rate and substitution

lability of the metal ion involved.

Introduction

During a previous study? of the kinetics of reaction
of vanadium(III) and chromium(II) ions, kinetic
evidence was found for the existence of steady-state
concentrations of an unstable reaction intermediate,
V(OH),Cr**,2 formally a V(III)-Cr(II) or VII)-Cr-
(III) species. This paper describes a study of the
formation and decomposition of a previously unknown
V(III)-Cr(III) dimeric species.

A Cr(IIT)-Cr(I1I) binuclear ion, CrOCr*+, the major

(1) This work was performed in the Ames Laboratory under the auspices
of the U. S. Atomic Energy Commission. Presented before the Division of
Inorganic Chemistry at the 150th National Meeting of the American Chemi-
cal Society, Atlantic City, N. J., Sept. 1985.

(2) J. H. Espenson, Inorg. Chem., 4, 1025 (1965).

(3) The extent of proton association and the degree of hydration and the
matter of oxo or hydroxo bridging remains unresolved by these experiments.

Cr(1II)-containing product of reaction of Cr(IV) (pre-
sumably) and Cr(II),* is a solution species with reason-
ably well-understood structure and reaction proper-
ties.®® A dimer of vanadium(III), VOV*+, is an inter-
mediate present at low concentration during reac-
tion of V(IV) and V(II).” A dimer of Fe(III) is

(4) M. Ardon and R. A. Plane, J. Am. Chem. Soc., 81, 31987 (1959).

(8) (a) R. E, Connick and Sr. M. G. Thompson, 148th National Meeting
of the American Chemical Society, Inorganic Division, Papers 23, 24, Sept.
1964; (b) Sr. M, G, Thompson, Thesis, University of California, Berkeley,
1964, UCRL 11410; (c) R. W, Kolaczkowski and R. A. Plane, Inorg. Chem.,
3, 322 (1964).

(6) In many instances it is convenient to write the “‘simplest’’ formula for
these dimeric ions, even in the case of the chromium{III) dimer, for which the
formula is [Cr{OHz)sOH]Js4*+ (ref. 5). In addition, there are at least two
other dimeric chromium(III) species which can reach equilibrium with this
ion; the species CrOHCr®+ and/or CrOHCrOH4* are the ones which de-
compose directly to monomeric Cr(III) {ref. 5b).

(7) T. W. Newton and F. B. Baker, Inorg. Chem., 8, 569 (1064).



