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Abstract

Using *H, *C and **Co NMR spectroscopies, it was shown that, the so-called ‘ Co(l11) acetate’ -reactive intermediate of
cobalt acetate catalyzed autoxidation, is the mixture of the oxo-centered trinuclear cations [CozO(OAC)(AcOH),]1* (1) and
[CozO(OAC)s(OHXACOH),]™ (1) in 1:3-1:2 ratio. Cations | and 11 are the major species in the freshly prepared solutions
of Co(lll) acetate in CH,Cl, and AcOH. Immediately after dissolving in MeOH, | converts into cation
[Co;O(OAC)s(OMe)(MeOH),]* and 11 into cation [Co;O(OAC)s(OH)XMeOH),]*. Reactivity of | and |1 towards p-xylene
was determined. The addition of p-xylene to the sample containing | and |1 under anaerobic conditions in CH,Cl, (1:3
p-xylene/CH ,Cl, by volume, 293 K) gave rise to gradual decrease of their concentration. The half-life was 2 h for cation |1
and 1.3 h for cation |. © 1998 Elsevier Science B.V.
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1. Introduction the *°Co, *C and "H NMR spectroscopy to
_ characterize the structure and reactivity of
Simple alkanes or akylbenzenes can be se- Co(lll) complexes, existing in Co(lll) acetate
lectively oxidized by molecular oxygenin AcOH ‘cobaltic acetate’ solutions in AcOH, CH,CI,
with Co(OAC), - 4H ,0 as a starting material for and MeOH.

the catalyst. It is generally agreed that active
species of these oxidations are in situ formed
Co(lll) complexes formed in situ, so-called 2. Experimental
‘cobaltic acetate’ [1,2]. However, despite nu-
in solid or solution remains unknown [3—7]. ylethylketone (MEK) were purified by standard
Multinuclear NMR spectroscopieshas opened  techniques [8]. Commercial Co(OAG), - 4H ,0,
up new avenues for the detailed characterization CD,OD, CDCl,, CD,Cl, and 80% H,O, were
of Collll) acetate in solutions. We have used  ysed without additional purification. Anhydrous
40% peracetic acid in AcOH was prepared from
* Corresponding author. Tel.: +7-383-2357677; fax: +7-383- acetic anhydride and H,0, [9]. Reactivity stud-
2355766. ies of Co(lll) species with p-xylene were car-
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ried out under argon directly in NMR tubes at
293 K (CH,CI,) or 373 K (AcOH). To start the
reactions, the excess of p-xylene was added to
the Co(lll) acetate solutions to make 1:3 p-
xylene/CH,Cl, or 1:1 p-xylene/AcOH vol-
ume mixtures. Concentration of Co(lll) acetate
was 50 mg per 1 ml of solution.

2.1. 9ynthesis of Co(lll) acetate complexes

2.1.1. Method 1

2.5 g (10 mmol) of Co(OAc), - 4H,0 was
dissolved in 200 ml of glacia acetic acid, and 6
g (30 mmol) of 40% peracetic acid was added
dropwise. The color of the solution changed
from crimson to green. The solvent was then
removed under vacuum and the green solid
obtained was used for further investigations.
The adequate analysis of elemental analytical
data for the samples of Co(lll) acetate was
complicated by difficult to control admixtures
of AcOH and H,O, greatly depended on the
drying regime.

2.1.2. Method 2

The procedure was similar to that of method
1, only 50% HOAc was used instead of glacial
acetic acid.

2.1.3. Method 3

The ‘Co(lll) acetate’ species prepared ac-
cording to methods 1 or 2, were dissolved in
H,O and heated at 383 K for 1 h. The solvent
was removed then under vacuum and the green
solid obtained was investigated further. The
samples of Co(lll) acetate prepared by methods
2 and 3, do not give reproducible elemental
analytical data.

2.2. Methylethylketone (MEK) autoxidation

0.37 g (1.5 mmoal) of Co(OAc), - 4H,0 was
dissolved in 40 ml of glacial acetic acid and 5
ml MEK was added as a promoter. The solution
was dtirred in a flask equipped with a reflux
condenser at 340 K while the oxygen gas was
slowly bubbled through the solution. The color
of the solution gradualy turned dark green.

After 10 h of the oxidation the solution was
cooled, the solvent and unreacted MEK (con-
version was less than 30%) were removed under
vacuum and the green solid was dissolved in
AcOH and investigated by *Co NMR. The
main product of MEK oxidation was acetic
acid. Traces of the co-product
CH ,COCH,COOH were aso detected by ‘H
NMR spectroscopy.

2.3. Nuclear magnetic resonance measurements

*Co, *C and *H NMR spectra were recorded
at 96.125, 100.58 and 400.13 MHz, respec-
tively, using the pulsed FT NMR technique on a
Bruker MSL-400 spectrometer. *H and °C
spectra were obtained in 5 mm and 10 mm
standard cylindrical tubes, respectively. *°Co
spectra were obtained with 10 mm cylindrica
tubes (1.5-2.0 ml sample volume). To increase
the sensitivity of the **Co NMR measurements,
a high power probe head was used. The operat-
ing conditions were as follows: 400 kHz sweep
width, 50 Hz spectrum accumulation frequency,
3000-60000 number of scans. The data were
accumulated with 512 data points in the time
domain and were transformed with the optimal
exponential  multiplication of 100-500 Hz.
Chemica shifts were calculated in ppm with
positive values in the low-field direction with
respect to the references: external Co(acac), in
CHCI, for *Co (no correction for magnetic
susceptibility was done), internal TMS for "H
and °C. To obtain *Co chemical shifts with
respect to commonly used reference Co(CN)Z™,
12500 ppm should be added to our values. The
error in *°Co chemical shift values was + 10
ppm for the line width around 5 kHz and + 100
ppm for the line width around 50 kHz.

3. Results and discussion

3.1. Co(lll) acetate in MeOH

Using **Co and *H NMR spectroscopies, three
main types of the diamagnetic Co(lll) com-
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plexes (A, B, C) were observed in solutions of
Ca(l11) acetate in methanol. 5 min after dissolv-
ing Co(lll) acetate (prepared by method 2) in
MeOH, complexes A and B were observed in
*Co and *H NMR spectra. Complex B slowly
converts with time into complex A (t, ,, about
15 min at 293 K) (Fig. 1). The concentration of
complex C was low in the freshly prepared
samples. Heating Co(lll) acetate samples (pre-
pared by method 1 or 2) for 5 min at 323 K
gave rise to disappearance of *>Co resonances of
complexes A and B and to increase of that of
complex C a 1250 ppm (Aw,,=3 kH2).
Complex C is not the sole product of complexes
A and B decomposition. A number of paramag-
netically shifted resonances different from those
of Co(ll) acetate were observed in the "H NMR
spectrum of Co(lll) acetate after heating the
sample in MeOH. These paramagnetically
shifted resonances probably belong to mixed
valence Co(lll)—Co(ll) species. The structures

1400 1200 1000 800 600 400 200

240 230 220 210 2.00
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Fig. 1. ®Co and *H NMR spectra of Co(lI1) acetate (method 2) in
CD;0D at various lengths of time after the dissolving of 30 mg of
Co(lll) acetate in 1 ml of CD,OD. *Co NMR spectra were
recorded at 96.12 MHz, spectrum accumulation frequency 50 Hz,
sweep width 400 kHz, number of scans 10000, chemical shifts
were calculated with respect to Co(acac);.

of these species and that of complex C are till
unclear.

3.1.1. Complex A,
(MeOH),] *

Two resonances (at 850 ppm (A v, ,, = 5kH2)
and 680 ppm (Av, , =10 kHz)) with relative
intensities 2:1 correspond to complex A in the
*Co NMR spectrum (Fig. 1). These resonances
belong to two equivalent and one unique cobalt
atoms.

The characteristic pattern (at 2.38 (s, 3H),
2.33 (s, 6H) and 2.05 (s, 6H), 5, CD,OD)
attributed to complex A in the *"H NMR spec-
trum (Fig. 1) is similar to that of the acetate
ligands of trinuclear cation
[Co,O(OAC)(OMe)(Py),]* with the known
structure [10]. The corresponding resonances of
[Co,O(OAC)(OMe)(Py),][PF;] in CD,CN from
two sets of two equivalent acetate ligands and
one unique acetate ligand were observed at 2.19
(s, 3H), 2.17 (s, 6H), 1.89 (s, 6H) [10]. Note
that the differences in chemical shifts between
the resonances of complex A (0.05 and 0.28
ppm) are close to the differences of those of
[Co,O(OAC)(OMe)(Py),l[PF] (0.02 and 0.28
ppm) [10].

Three additional resonances appear in the *H
NMR spectrum of complex A when CH;OH
was used instead of CD;OD as a solvent. They
belong to one bridging OMe-group (at 1.33 (s,
3H)), two equivalent (at 3.52 (s, 6H)) and one
unigue (at 3.76 (s, 3H)) axial methanol
molecules. In agreement with this assignment,
the unusualy low value of chemical shift for
w-OMe group (0.76 ppm) was observed for
[Co,O(OAC)(OMe)(Py),][PF;] [10].

Thus, complex A is a trinuclear cation
[Co,O(0AC)(OMe)(MeOH),]*. The role of a
counter ion can be played by, OAc™, which is
in fast exchange with AcOH liberated from the
sample in MeOH. The *H NMR resonance of
OAc™ /AcOH is highly broadened by paramag-
netic Co(ll) impurities and is not observed in
Fig. 1.

[Co,0(0ACc);(OMe)
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3.1.2. Complex B,
(MeOH),] *

Complex B exhibits a characteristic pattern
(at 2.34 (s, 3H), 2.29 (s, 6H) and 2.06 (s, 6H),
8, CD,0D) in the "H NMR spectrum (Fig. 1).
The *°Co resonance of complex B (= 700 ppm
(Av,,, =7 kH2) is close to that of complex A
(Fig. 1). Complex B converts to complex A in
CH,OH with time (Fig. 1). Probably, complex
B isacation [Co,0(OAC)-(OH)(MeOH),] ", and
conversion of complex B to complex A is caused
by the displacement of OH™ by OMe™. The
substitution of u-OH group by u-OR in ROH
was reported for [Co,O(OAC)(OH)(Py),]*
[11,12]. We could not observe two separate
resonances in the *>Co NMR spectrum of com-
plex B as in the case of complex A. Probably,
the 2:1 *°Co resonances of complex B are too
close to be distinguished at the existing line
widths.

3.2. Co(lll) acetate in CH,Cl, (CHCI,)

¥Co, **C (CH,Cl,) and *H (CDCl,;) NMR
spectra of the freshly prepared sample of Co(lll)
acetate (method 1) show that two types of the
diamagnetic Co(ll1) complexes (I and 1) pre-
dominate in solution (Fig. 2). For most samples

[Co;0(0OAC);(OH)

A I

59 1
Co

i

2500 1500 500
PPM

2.80 260 240 290  2.00
PPM

Fig. 2. ®Co and *H NMR spectra of Co(ll1) acetate in CH,Cl,
and CDCl ;, respectively.

R=Me , L=MeOH complex A

R=H , L=MeOH

RO +
L~ ZAcON ~L
egACes complex B

(AIc\O)ZOEDQC)
\\C|°// : R=Ac, L=AcOH*  complex |
1

L R=H , L=AcOH*  complex Il

Fig. 3. The structures of Co(lll) trinuclear cations A, B, | and I1.

the ratio [I]/[l1] was 1:2-1:3. The choice of
solvents for recording of *Co, *C and 'H
NMR spectra was determined by good solubility
of Co(lll) acetate in CH,Cl, and by good reso-
lution of the "H resonances of complex |1 in
CDCl;. There was no fundamental difference
between "H NMR spectra of Co(lll) acetate in
CD,Cl, and CDCI,. However, in CDCl , the *H
NMR lines of complex |l were resolved better.

The sample prepared by method 2 was insol-
uble in CH,Cl, or CDCl,; and was further
studied in AcOH (see below).

Complex | exhibits one resonance in both
*Co (at 2200 ppm (Av, ,, = 5.2 kH2)) and ‘H
(at 2.71 ppm) NMR spectra (Fig. 2). *C{*H}
NMR spectrum of complex | exhibits two reso-
nances at 191.97 ppm (COO) and 27.05 ppm
(CH.,).

Complex 11 exhibits two resonances in the
**Co spectrum (at 1000 ppm (A v, , = 10 kH2)
and 700 ppm (A v, ,, = 22 kHz)) and three reso-
nances with relative intensities 2:1:2 (at 2.25,
2.23, 2.14 ppm) in the "H NMR spectrum (Fig.
2).

BC{*H} NMR spectrum of complex Il con-
sists of two sets of three resonances. One set
with relative intensities 2:1:2 (at 191.27, 190.44,
190.26 ppm) belongs to COO~ groups, another
with relative intensities 2:2:1 (at 26.76, 24.31,
23.96 ppm) to CH, groups of bridging acetate
ligands.

Most probably, complex | is the trinuclear
cation [Co;O(OAC)(AcOH),]* with equivalent
bridging acetate ligands and complex Il is the
trinuclear cation [Co,O(OAC)s(OH)(AcOH),]*
with two sets of two equivalent bridging acetate
ligands and one unique bridging acetate ligand
(see dso Fig. 3). Therole of counter ions can be
played by AcO~ anions. Alternatively, one of
the axial ligands could be the OAc™-anion. In
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this case the protons of the two remaining axial
AcOH molecules should be in fast exchange (in
the NMR time scale) between al three axia
ligands to keep the observed magnetic symme-
try. The AcO™ axia ligand or counter ion, and
the axial AcOH molecules of complexes | and
Il give a broad resonance at 2.09 ppm in the *H
NMR (Fig. 2) and two broad resonances at
177.5 ppm (COO™) and 22.7 ppm (CH,) in the
C{*H} NMR spectrum. The integral intensity
of the resonance at 2.09 ppm in Fig. 2 can fit
with the expected values for both versions of
axial coordination for complexes | and Il. To
choose between the alternatives, the conductiv-
ity measurements of the CH,Cl, and AcOH
solutions of Co(l11) acetate (prepared by method
1) were performed. The conductivity was 82
nS for 522 mg per 1 ml of CH,CI, solution
(356 uS for 35.04 mg per 1 ml of CH,CI, ),
and 200 uS for 5.80 mg per 1 ml of AcOH
solution. The conductivities of pure solvents
CH,CI,, AcOH, their mixtures, and AcOH—
H,O system (up to 2% H,O) were negligible
and that of 6.80 mg Co(OACc), - 4 H,O per 1 ml
of AcOH solution was as low as 87 uS. The
conductivity of well-dissociated
(CgH7),N"Br~ was 6330 uS for 3.05 mg per
1 ml of CH,CI, solution. All determined values
were much lower than those typical for 1-1
electrolytes at the same molar concentration in
water solutions, and that is characteristic for
non-aqueous solutions. Thus, the conductivity
data show that some quantity of ion-pares disso-
ciating to electric current conducting ions are
present in Co(lll) acetate solutions. However,
the extent of the dissociation of the ion-pares is
difficult to evaluate and thus their concentration
could not be calculated.

Note that in contrast to the case of methanol
as a solvent, axial AcCOH /AcO‘ligands of com-
plexes | and I are in fast exchange (in *H and
C NMR time scale) with free AcOH in solu-
tion. The resulting signals of axial
AcOH /AcO~ and free AcOH in the *H and
C{*H} NMR spectra shift to the position of
uncoordinated AcOH with the increase of AcOH

concentration in the sample. The reason for this
variation in exchange behaviour could be the
pronounced difference in the coordination
strength of AcOH and MeOH as ligands. Be-
sides, the ligand exchange can be catalyzed by
Co(ll) species always present in solution (via
intermediate formation of labile Co(Il) com-
plexes [13—15]). The replacement of MeOH for
AcOH could change both oxidation—reduction
potentials and structural confinement of elec-
tron-exchanging Co(ll) and Co(lll) species.

The analysis of the *>Co NMR spectra of one
and the same sample of Co(lll) acetate in
CH,Cl, and MeOH shows that complex | con-
verts into complex A, and complex Il into
complex B immediately upon dissolving of
Co(lll) acetate in MeOH.

3.3. Co(lll) acetate in AcOH

The sample of Co(lll) acetate prepared by
method 1 dissolved in AcOH exhibits reso-
nances of complexes | and Il in the *Co NMR
spectrum. However, their *>Co NMR resonances
in AcOH (Aw,,,=30-50 kHz) are broader
than those in CH,CI,. This effect is partially
caused by the greater viscosity of AcOH with
respect to CH,Cl,. Because of the great
linewidths, two °Co resonances of complex |1
were poorly resolved in AcOH, and one result-
ing line at = 900 ppm was observed. The sam-
ple of Co(lll) acetate prepared by method 3
shows an intensive line at 1200 ppm (Av, ,, =
15 kHz) of complex |11 and small resonances of
complexes | and Il in the *®Co NMR. Upon
dissolution in MeOH, complex |11 convertsinto
complex C. Il is insoluble in CH,Cl, and
CHCI,. *H and *C NMR measurements were
unfruitful for characterization of Co(lll) com-
plexes in AcOH because of line broadening.
The structure of complex I11 is still unclear.

The growth of water concentration in AcOH
would cause the conversion of complex | into
complex |lI. The experimental data were in
agreement with this suggestion. With the in-
crease of water concentration the resonance of
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complex | decreases and that of complex Il
increases. However, the sSituation was more
complicated. The transformation of complex |
to complex |1 occurred through the intermediate
formation of intermediate complexes with reso-
nances at 1600 and 1900 ppm in the **Co NMR
spectrum. Most probably, this effect is caused
by the replacement of axial AcOH ligands by
H,O ligands in the complex |. The similar
spectra with the lines at 1600 and 1900 ppm
were recorded for the sample prepared by
method 2, where the substantial part of axial
ligands was already H,O molecules. Detection
of the separate resonances at 1600 and 1900
ppm evidences that for complex I, the axia
AcOH-axial H,O ligand exchange process is
dow in the *®Co NMR time scale, unlike the
axial AcOH-free AcOH ligand exchange in the
'H and *C NMR time scale (see above).

We have not detected complexes with the
lines at 1600 and 1900 ppm in CH,Cl, as a
solvent. Cobalt complexes precipitated upon
water addition to CH,Cl, solution. Probably,
cobaltic complexes with axial H,O ligands are
insoluble in this solvent.

In the case of complex 11, we did not observe
the new *Co NMR resonances with the increase
of water concentration in AcOH. However the
resonance of complex |1 shifted upfield. This
shift and the great line width can be explained
by the assumption that the line of complex 11 in
ACcOH is unresolved mixture of the resonances
of the type Il complexes with various sets of
axial H,0 or AcOH ligands.

3.4. Reactivity of complexes I, Il and Il to-
wards p-xylene

Complexes | and |1 (the sample was prepared
by method 1) are rather stable in CH,CI,. The
concentration of complex |1 monitored by *°Co
NMR did not change significantly during a 24 h
at 293 K. The concentration of complex | de-
creases slowly with a half-life of ca 10 h.

The first step of the Co(lll) acetate reaction
with methylbenzenes is generally agreed to be

an electron transfer followed by deprotonation,
or H-atom abstraction, to form the organic radi-
cal, which then converts into peroxyradical if
molecular oxygen is present [1]. Under anaero-
bic conditions other radical reactions occur, giv-
ing wusually acetoxy derivative
(CH,C¢H,CH,O0CCH, from p-xylene) as a
main product. The chlorination of the methyl
group (via Cl-atom abstraction) is a competitive
major pathway in the chlorinated solvents [16].

The addition of p-xylene to solution of sam-
ple of Co(lll) acetate prepared by method 1 in
CH,Cl, (1:3 p-xylene/CH,Cl, by volume,
anaerobic condition, 293 K) gave rise to gradual
decrease of complexes | and Il concentrations.
Insoluble Co''(OAc), participated in the reac-
tion. The products were
CH,C¢H,CH,00CCH, and CH,CH,CH,CI
in 6:1 molar ratio (determined by NMR spec-
troscopy). The half-life was 2 h for complex ||
and 1.3 h for complex |I. The observed small
difference in the half-lives of complexes | and
Il can be explained by the conversion of com-
plex | into complex |l with the increase of
water concentration in the course of the p-xylene
oxidation. Further studies are needed to deter-
mine the real difference in reactivities of com-
plexes | and Il towards p-xylene.

Complex |11 (the sample prepared by method
3) did not interact with p-xylene at noticeable
rate at 293 K in AcOH. To determine the
reactivity of complex |11 towards p-xylene, the
reaction was studied under argon at 373 K. The
samples in pure acetic acid and in a 1.1
AcOH /p-xylene mixture were compared. The
characteristic time of the reaction was 2 h at
373 K.

Note, complex |11 prevails among the other
diamagnetic Co(lll) species at high tempera-
tures (373 K) in AcOH, these are conditions
close to those for real oxidation. This does not
mean that namely complex |11 drives the cat-
alytic cycle of oxidation. Indeed, the *>Co NMR
spectrum of the sample of Co(lll) acetate in
AcOH, prepared in the course of MEK autox-
idaton (see Section 2) is very similar to the
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spectrum of the sample prepared by method 2,
i.e, complexes | and Il were detected, but no
signals of complex III were observed. Only
after a 24 h storage of the solution at 293 K, did
the line of complex Il a 1200 ppm appeared.
Thus, complexes | and Il are recovered rapidly
by peroxyradicals or peroxides in the course of
MEK autoxidation at 340 K. Remember that
complex Il is less reactive towards p-xylene
than complexes | and 11. Thus, probably, com-
plexes | and Il mainly drive the catalytic cycle
of MEK oxidation under these conditions.
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