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Abstract This work correlates the basicity of various axial
ligands (AL), including triethylamine, methylimidazole,
pyridine, acetonitrile or water, with the efficacy of catalytic
oxidation of 2,6-di-tert-butylphenol by Co(salen)(AL)
in COj-expanded methylene chloride. Further, Co(sa-
len)(AL)O, abstracts hydrogen atoms from substrates of
high to intermediate reactivity (BDECH <~ 90 kcal/mol).

Keywords Co(salen) - Oxygen oxidations -
Cobalt catalysts - CO, expanded solvents

1 Introduction

Selective catalytic oxidation reactions produce multi-bil-
lion dollar polymer intermediates, pharmaceuticals and
various consumer products, and, among others, agrichem-
icals [1]. Dioxygen is the preferred oxidant and use
requires activation via transition metal catalysts [2] in order
for it to accomplish the selective transformation of the
substrate to products. The cobalt oxygen carriers [3] are an
important class of catalysts that both reversibly bind and
activate the oxygen molecule. Tetradentate Schiff base
catalysts like Co(salen) are known to bind oxygen most
effectively when a so-called axial ligand, AL, also binds to
the cobalt producing the corresponding penta-coordinate
structure [4]. It is an accepted fact that the binding of a
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ligand in the axial position of alters the electronic structure
of the metal center and influences the binding/activation of
an O, molecule bound at the opposite trans position [2—4].
This is rationalized on the basis of the structural evidence
that the bound O, moiety most closely resembles the
superoxide ion, O5. In turn, this result indicates that the
binding of O, to cobalt(Il) involves the donation of elec-
tron density to the bound O,, a process that should be
promoted by the presence of a good electron donor trans to
the O, [3]. Previous mechanistic studies of the oxidation of
phenolic substrates has provided qualitative support for the
significance of the axial ligand in this catalytic cycle [5].

The work reported here involves a systematic study of the
activity of Co(salen)/O, reaction system as a function of
structural changes in its ligand components and the evalua-
tion of the selectivity and potential utility of Co(salen)/O,
systems in oxidation catalysis. The use of CO,-expanded
solvents (CXLs) builds on previous studies in these labs that
have established CXLs as optimal media for certain O,
oxidations, including those of phenols with cobalt oxygen
carriers [6a]. Improved oxygen solubility [7], tunable prop-
erties, such as solubilities of solids, diffusivity, and polarity
of the reaction medium, and the wide range of suitable
organic solvents that can be partnered with CO, [8], make
CXLs an ideal choice for reactions of this kind. The
enhanced O, availability in CXLs permits the evaluation of
intrinsic catalyst activities under conditions wherein O,
starvation is either eliminated or significantly mitigated.

In this work we seek to experimentally determine how
the basicity of the axial ligand can affect the catalyst
activity. The oxidation of 2,6-di-tert-butyl phenol was
chosen as the model reaction system and five axial ligands
were selected for the study: methylimidazole, pyridine,
water, acetonitrile, triethylamine. The turnover number
(moles of substrate reacted per mole of catalyst) is used as
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an indicator of catalyst activity, and CO,-expanded meth-
ylene chloride, the reaction medium to provide a non-
coordinating environment. The literature reports that
Co(salen) has been used as a catalyst for the O, oxidation
of various substrates including cyclooctane [10], veratryl
alcohol [11], para-substituted quinines [12], alcohols [13]
and methylindole [14]. In an attempt to provide a more
systematic calibration of the oxidizing power of Co(salen),
catalytic O, oxidations were studied with a variety of
substrates chosen on the basis of their BDEs. This provides
an indication of the hydrogen abstracting capability of the
catalytic oxidation system.

2 Experimental Details
2.1 Solvents and Materials

Deionized water, HPLC-grade acetonitrile, methylene
chloride, GC-grade 1-methyl imidazole, ACS grade
pyridine, triethylamine (>99.5%) and 2,6-di-tert-butyl
phenol, N,N'-bis(salicylidene)1,2-cyclohexanediaminato(2-)
cobalt(Il), i.e., Co(salen), cyclohexane, cyclohexene, 1,4-
cyclohexadiene, toluene were procured from Aldrich.
Chemical Co. and used as received. Co(acacen) was pre-
pared using literature methods [15]. Oxygen (99.5%) and
coolant-grade liquid CO, in cylinder with a dip tube, were
supplied by Airgas.

2.2 Analytical Techniques

For routine analysis and quantification of products, a HP
5890 gas chromatograph with an FID and an HP-1 column
(cross-linked methyl silicone gum), 50 m in length,
0.2 mm diameter and 0.5 um film thickness, was used. An
Agilent 6890 GC-MS system with an HPI-MS was used
for compound identification and verification.

2.3 Apparatus and Procedures
2.3.1 Phase Behavior Studies

The phase behavior of Co(salen) in the methylene chloride/
CO, medium was studied at 40 °C (reaction temperature)
in a Jerguson™ view cell procured from Clark Reliance®
Corporation. Details of the experimental setup may be
found elsewhere [6a, 8]. The temperature of the cell was
held constant with a water bath. The temperature and
pressure of the cell were monitored using a thermocouple
and a transducer respectively. A known volume (V;) of a
solution containing a fixed amount of Co(salen) in

methylene chloride was added to the view cell after the cell
had reached the desired temperature. CO, was bubbled into
this mixture in a slow and intermittent manner to ensure
that equilibrium was attained. The volumetric expansion
ratio [V (T, P)/Vy (Py, T)] = the equilibrated volume V of
the CO,-expanded liquid phase at 7 and P divided by the
initial volume of the neat solution at 7 and Py] was
recorded as a function of total cell pressure.

2.4 Oxidation Experiments

Oxidation reactions were performed in a Type 316 stainless
steel hollow cylindrical view cell made by Thar® Designs.
The effective reactor volume was 7.5 mL. The cell is fitted
with sapphire windows at both ends, sealed with O-rings and
screw caps. The body of the cell is equipped with ports to
accommodate a CO,/O, inlet, a sample withdrawal device, a
transducer (Validyne-DP15 rated at 206 bar), a thermocou-
ple, and a safety rupture disk (rated at 336 bar). All
connections use Swagelok fittings. Temperature and pres-
sure are monitored and controlled using the computer
controlled automation tool Camile TG® (Argonaut Tech-
nologies). More details on the experimental setup may be
found elsewhere [6a, 8]. A mixture of Co(salen) and 2,6-di-
tert-butyl phenol with the axial ligand in methylene chloride
is added to the cell and then CO, is added until the volume of
the liquid phase doubles. The temperature is increased
gradually along with slow and intermittent addition of CO,.
A predetermined amount of oxygen is added after the reac-
tion temperature is attained. The addition of oxygen is taken
as the start of the reaction. At the end of the desired batch
reaction time, the contents of the reactor are slowly released
through a solvent column placed in an ice bath. Samples from
the solvent column are analyzed using a GC (HP-5890).

3 Results and Discussion

From the phase behavior measurements, it was found that
the catalyst remained in solution even when the solvent
mixture was volumetrically expanded by 12-fold with CO,.
Oxidation reactions were carried out at twofold expansion
(VIVy = 2), corresponding to a 50% volumetric replacement
of the organic solvent with CO,. The substrate and products
also remained soluble under these conditions (Fig 1).

3.1 Influence of Axial Ligands on the Catalytic
Reaction

In order to determine the dependence of the catalytic oxi-
dation reaction on the nature of the axial ligand, the
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Fig. 1 Phase behavior studies: Volumetric expansion of a mixture of
Co (salen) + CH,Cl, with CO, at 40 °C; V. initial volume of Co
(salen) + CH>Cl, mixture = 3.5 mL; V/V, = ratio of final volume
after CO, addition to the initial volume

oxidation was carried out with two:axial ligand:Co(salen)
molar ratios, 1:1 and 10:1. These two sets of concentrations
facilitate distinguishing among the axial ligands under
synthetic processing conditions. Because ligands that bind
very tightly will almost completely form the 1:1, 5-coor-
dinate complex with the first equivalent of axial ligand, that
is one of the ratios chosen. The second ratio would ideally
drive all of the complexes to the 5-coordinate form without
complication. Unfortunately, a second mole of the axial
ligand (AL) can be bound and it would block the sixth
binding site preventing O, binding and catalysis. The
compromise choice is 10:1 AL:Co(salen), to drive the
weaker ligands toward complete 5-coordinate complex
formation. The results are plotted in Fig. 2a, b, respec-
tively. Among the axial ligands tested, triethylamine shows
the best activity at both axial ligand:catalyst ratios (1:1 and
10:1).

At low axial ligand concentrations (1:1) the turnover
number (TON) decreases in the order: triethyl-
amine > methyl Imidazole > pyridine > acetonitrile ~
water, which approximates their basicities. At high ligand
concentrations (10:1), the TON decreases in the order:
triethylamine ~ acetonitrile > pyridine > methyl imid-
azole ~ water. This result may be rationalized by
considering relative affinities between cobalt(Il) ion and
the various axial ligands.

e In the case of axial ligands that bind weakly to
cobalt(Il), the excess is required even to bind the axial
ligand to the first site on the cobalt. It is known that the
4-coordinated Co(salen) complex binds oxygen very
poorly so that very little catalytic oxidation is to be
expected for that species.

e Water shows about the same very low activity at both
high and low water concentrations used in these
experiments. The unsuccessful attempts to increase
the concentration of water and therefore to produce
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Fig. 2 (a) TON versus axial ligands (Co(salen):axial ligand = 1:1),
1: triethylamine; 2: methyl Imidazole; 3: pyridine; 4: acetonitrile;
5: water; Reaction conditions: cat:sub:oxidant ratio = 1:80:800; cat =
0.8 mM; solvent = CO,-expanded methylene chloride; V/Vy = 2;
T = 40 °C (b) TON versus axial ligands (Co(salen):axial ligand =
1:10), 1: triethylamine; 2: methyl Imidazole; 3: pyridine; 4: acetonitrile;
5: water; Reaction conditions: as shown below (a )

more of its Co(salen) is tentatively attributed to the
very low solubility of water in CO,-expanded methy-
lene chloride.

e For strong binding AL like methylimidazole, no excess
is required and the first molar equivalent of AL will
bind to the cobalt in Co(salen), forming the 5-coordi-
nated complex Co(salen)(AL). In this case, when the
axial ligand is present in excess it can also bind to the
second site of the complex leading to the formation of a
2:1 adduct, Co(salen)(AL),, that has no vacant site for
oxygen binding and therefore cannot function as an
oxidation catalyst.

The relative activities of triethylamine (TEA) and methyl-
imidazole (MIM) present an interesting contrast. The two
axial ligands are almost equal in activity when present at
the level of one molar equivalent (Fig. 1). In contrast, the
MIM derivative loses most of its catalytic activity when
that axial ligand is used in excess whereas TEA retains
something like 70% of its activity under the same
conditions. Clearly this is because Co(salen)(MIM) is
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more likely to bind a second axial ligand than is
Co(salen)(TEA). The data suggests that the equilibrium
constants for binding of the second molecule of axial
ligand would differ by a factor in the vicinity of 10. While
it is clear that this small difference reflects the fact that the
Lewis acidities of the cobalt(II) complexes (one bound to
MIM and the other to TEA) do not have the same affinities
for the second mole of base, the origin of such differences
is a matter of continuous discussion. Some ascribe this
difference to the reduced electron density on cobalt due to
n-back bonding in the case of the MIM complex. This
would make the cobalt a little more electrophilic and better
able to accept the sixth ligand.16 Alternatively it may be
associated with the increased polarizability, or greater
softness, of MIM, which is also associated with its
n-electron system. It follows that, despite the burden of
its heavy steric demands, TEA produces a Co(salen) adduct
that performs better than the corresponding MIM deriva-
tive in the presence of excess axial ligand. This could
be a critical issue in systems where a basic medium is
advantageous.

A remaining issue is the very close similarity in catalytic
activities suggested by these limited studies for the entire
set of axial ligands, TEA, MIM, pyridine, and acetonitrile.
It must be recognized that the large excess of axial base
amounts to creation of a mixed solvent so that other issues
in addition to ligand binding and catalyst activation almost
certainly are involved. The effect on catalyst activity of
substituents on the para-position of pyridine was also
tested and is presented in Fig. 3. There is no substantial
difference in the catalytic activity when the substituents are
varied. In accord with the literature [9], the effect of sub-
stituents on the salen ligand showed negligible changes in
the activity of the catalyst in both neat methylene chloride
and CO,-expanded methylene chloride. A general conclu-
sion is that while axial ligands are critical to the O,
binding/activation function of Co(salen) as an oxidation
catalyst, the oxidative reactivity is much less sensitive to
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Fig. 3 TON versus axial ligands for pyridine/pyridine derivatives.

Reaction conditions: as shown below Fig. 2a

the identity of the ligand than is the affinity of the ligand
for the metal ion.

3.2 Reactivity of Co(salen)

The preceding discussion concerned the dependence of
catalyst activity on the axial ligand, but little attention has
been given to attempts to calibrate the range of activity of
this family of catalysts. Oxidation reactions, especially
those involving the O, molecule, commonly involve for-
mation of organic radicals by abstraction of hydrogen
atoms, and that capability provides a basis for calibration
[17]. Appropriately, the relative ease with which such a
process can occur is evident in the strength of the carbon—
hydrogen bonds (BDE, bond dissociation energy) in each
potential substrate. To evaluate this aspect of the reactivity
of Co(salen)/O, as an oxidation catalyst system, various
substrates were chosen spanning a wide range of BDE
values. CO,-expanded acetonitrile was chosen as the
reaction medium with MIM as the axial ligand due to its
superior performance over other axial ligands in CO,-
expanded methylene chloride [6b]. The results reported in
Table 1 indicate that the ability to abstract hydrogen
decreases with increasing substrate C—H bond energy and
that Co(salen) is active enough to oxidize substrates of
intermediate reactivity in reasonable contact times. The
examples in Table 1 were chosen to provide a wide range
of reactive C—H bonds, beginning with the methylene
hydrogens of 1,4-cyclohexadiene, then the allylic methyl-
enes of cyclohexene before the methyl group of toluene
and the hydrogens of cyclohexane. Specifically, substrates
having BDE values <90 kcal/mol are suitable substrates
for this catalytic oxidation system.

3.3 Reactivity of Co(acacen)
Co(acacen) is another Schiff base complex that has
attracted considerable interest [17, 18] in its ability to serve

as an oxygen carrier. Despite the higher O, binding ener-
gies reported for Co(acacen) [3b, 17, 18], it shows inferior

Table 1 Reactivity of Co(salen)

Substrate (C-H)BDE X(%) Products identified
with GCMS
1,4-cyclohexadiene 73 85 Benzene
Cyclohexene 82 76 Cyclohexene-ol,
cyclohexene-one
Toluene 91 20 Benzaldehyde,
benzoic acid
Cyclohexane 100 0 -
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catalytic reactivity in comparison to Co(salen), a result that
is consistent with literature reports [11]. Unlike Co(salen),
Co(acacen) showed no activity in methylene chloride/CO,
media when tested under similar conditions (see Fig 1, 2).
Interest in the oxidation of substituted phenols often relates
to applications for the corresponding quinones, however a
second product, the 4,4'-dimer of the parent phenol often
interferes with these processes. Whereas selectivity toward
quinone is often high when Co(salen) is used as the cata-
lyst, Co(acacen) was found to be a poorly selective
catalyst, generating both products in equal amounts (50/50)
in the temperature range 25-40 °C in neat acetonitrile/CO,.
At higher temperatures (75 °C) the dimeric diphenoqui-
none was formed preferentially (90% selectivity). The
polarity of the solvent seems to have a substantial effect on
activity of Co(acacen); increasing the solvent polarity
(methylene chloride to acetonitrile) increases catalyst
activity.

4 Conclusions

The effect of varying AL on the catalytic oxidation reactivity
of Co(salen)(AL) was studied in the oxidation of 2,6-di-terz-
butyl phenol. Axial ligands show a distinct effect on catalyst
activity which depends on the relative concentration of the
axial ligand and catalyst as well as the basicity of the axial
ligand. At low concentrations the TON decreases in
the sequence: TEA ~ Melm >> pyridine > acetonitrile ~
water.

At high ligand concentrations the TON decreases in the
order TEA ~ acetonitrile > pyridine > methyl imidaz-
ole ~ water. Derivatives of pyridine show modest
differences in the catalytic reactivity of Co(salen)(AL).
The reactivity of Co(salen)(AL) has been calibrated by the
ability to oxidize substrates varying in their C—H bond
dissociation energies. By facile tuning of O, availability in
the reaction phase, CXLs have proven to be suitable media
to investigate subtle differences in intrinsic catalytic
activity.
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