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Alkane Activation

Multinuclear Copper Triethanolamine Complexes
as Selective Catalysts for the Peroxidative
Ocxidation of Alkanes under Mild Conditions**
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Armando J. L. Pombeiro*

Copper species are widely found in nature and are present in
many enzymes as di-, tri- or polynuclear Cu centers that
catalyze selectively various oxidation reactions.!!’ These
reactions include the poorly characterized particulate meth-
ane monooxygenase (pMMO), which is present in methano-
trophs, wherein a tri- or multinuclear Cu cluster catalyzes
alkane hydroxylation and alkene epoxidation.'™ Although
increasing attention has been paid to the design of Cu
complexes with polydentate ligands as models of copper
oxidases!"**? and some mononuclear compounds have been
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recognized as catalysts for alkane oxidation,®! the use of
multicopper complexes for such reactions still remains an
unexplored area of research. Our main aims are to find a
simple synthetic method to generate multinuclear copper
complexes with N,0-polydentate ligands and to investigate
the catalytic activity of these complexes for the oxidation of
alkanes under mild conditions, thus extending our interest of
alkane functionalization catalyzed by biologically inspired
complexes from vanadium compounds, such as synthetic
amavadine and its models, to copper complexes.™

As a polydentate ligand, we chose an ethanolamine as it is
cheap, commercially available, environmentally tolerable, is
of a recognized synthetic significance,! and its Cu complexes
have not yet been applied to alkane functionalization.
Cyclohexane and methane were tested as the main substrates
in view of the biological interest of the latter and the
significance of the oxidized products of both starting materi-
als, that is, cyclohexanol/cyclohexanone (manufacture of
adipic acid, Nylon-6,6' and polyamide-6) from cyclohexane!®
and methanol or other oxidized species, from methane.
Attempts have been made to develop processes that have
advantages (e.g., higher efficiency, selectivity, simplicity, and
use of milder conditions)” over commercial processes."!
However, of the mononuclear Cu' and Cu" complexes tested
as catalysts for cyclohexane oxidation,””) most provide modest
yields and low selectivity,”®* require expensiveP™! and
environmentally unfriendly®® reagents and various addi-
tives,”®1 and/or involve complicated syntheses.P>¢
Although the catalytic oxidation of methane under relatively
mild conditions is currently a matter of a high interest,”
reported Cu catalysts are scant and have little activity. [

Herein we report the easy generation and characteriza-
tion of copper(lr) triethanolamine (Hjtea) complexes that
adopt dimeric ([Cu,(H,tea),(CsHsCOO),]-2H,0; 1), trimeric
([Cus(H,tea),(4-OC¢H,COO0),(H,0)]-4H,0; 2), tetrameric
([OCcCuy(tea),(BOH),][BF,],; 3) and polymeric structures
([Cuy(Hjtea),{pu-CsHy(COO),-1,4}],-2n H,0O; 4) and show that
they are highly selective and active catalysts for the oxidation
of alkanes. The addition of different types of aromatic
carboxylates or Na[BF,] to an aqueous blue solution of
Cu(NO,),, Hjtea, and NaOH provides the formation at room
temperature of Cu complexes of diverse nuclearity. Hence, by
adding benzoic acid, 4-hydroxybenzoic acid, Na[BF,], or
terephthalic acid one obtains compounds 1, 2, 3, or 4,
respectively, which are isolated as crystalline solids in good
yields (76-91%) and characterized by IR and FABMS
spectroscopies, elemental analysis, and X-ray crystallography
(preparation procedures and characterization details are
provided as Supporting Information).!'"!

The molecular structure of 1 (Figure 1a) consists of
centrosymmetric binuclear fragments, [Cu,(H,tea),]*", which
are stabilized by two monodentate benzoate ligands. Each Cu
center has a distorted tetragonal bipyramidal geometry and
each H,tea molecule acts as a tetradentate ligand with one
bridging alkoxo group. The equatorial plane is defined by the
two bridging alkoxo oxygen atoms of the H,tea ligands, one
amino nitrogen atom and one carboxylate oxygen atom.

The molecular structure of 2 (Figure 1b) consists of three
metal atoms that are clustered by two oxygen bridges of two
triethanolamine ligands and two carboxylate groups; the
central Cu atom is an inversion center. Each lateral Cu atom
is coordinated by one H,tea ligand and the distorted square-
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Figure 1. Ball-and-stick representation of the molecular structures of complexes 1 (a), 2 (b), 3** (c), 4 (d) (only two dinuclear repeating units are
shown). Solvent molecules, counterions, and hydrogen atoms are omitted for clarity.
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pyramidal geometry is completed by one carboxylate oxygen
atom. The pentacoordinated central Cu atom binds with one
water molecule (Cu—O 2.452(3) A) that is involved in a
hydrogen-bonding network with non-coordinated water mol-
ecules (see the Supporting Information). The overall positive
charge is compensated by the deprotonation of OH groups on
the substituted benzoate ligands. Although Hjtea as a
tetradentate ligand has been extensively used to prepare
polynuclear complexes,”*"! to our knowledge, compound 2 is
the first example of a trinuclear complex with such a ligand.

Complex 3 (Figure 1c¢) is composed of two metallacrown
ether centrosymmetric subunits [OCCu,(tea),(BOH),]** and
four BF,  counterions per unit cell, which are linked by
hydrogen bonds (see the Supporting Information). Each
subunit is present in the crystal as a cyclic Cu" complex, in
which an oxygen atom (p,-O) is encapsulated in the center.
Four practically equivalent copper atoms (Cu—-Cu separations
of 3.066(3)-3.196(3) A) are located in the corners of an
almost regular tetragon. The copper pentacoordination
comprises one N and three O atoms of a deprotonated
triethanolamine molecule and the p,-O center. Eight p;-O
centers, two from each tea ligand, are linked to four B-OH
groups (formed by an unusual conversion from [BF,]” in
alkali medium), which leads to additional tetragon stabiliza-
tion.

Copper(11), Hjtea, and terephthalic acid are involved in
the formation of the 1D coordination polymer 4 (Figure 1d),
which is constructed from unsymmetrical binuclear nodes
[Cu,(Hatea),]** (Cu—Cu separation of 2.905(3) A), which has
a structure similar to that of 1 and linear-type spacers. The
parallel chains are arranged in neighboring layers (see the
Supporting Information).

All these complexes are catalyst precursors for the
oxidation of cyclohexane to cyclohexanol and cyclohexanone
in acetonitrile by hydrogen peroxide in acidic medium (liquid
biphasic catalysis) at room temperature (Table 1). The tri-
and tetranuclear complexes 2 and 3 have evident labile sites
and exhibit the highest activity with overall yields (based on
cycloalkane) of up to 32% (see entries 3, 7, and 11) for a
typical acid-to-catalyst molar ratio of 10:1, whereas the other
complexes, 1 and 4, required a higher amount of acid, which is
conceivably to promote unsaturation of the metal centers
upon ligand protonation. Turnover numbers (TONs, moles of
product/mole of complex) of about 360-380 can be reached
for a sufficiently high ratio of alkane to catalyst (6400).

Complexes 2 and 3 can also catalyze the peroxidative
oxidation of gaseous alkanes such as methane and ethane,
although less effectively than in the case of cyclohexane. For
example, methanol (TON=47, 22% yield) and ethanol
(TON =23, 2.1% yield) are obtained from CH, and C,Hj,
respectively, with catalyst 3 at 40°C at an alkane pressure of
30 atm, a H,0,:catalyst molar ratio of 1000, and a HNOj;:ca-
talyst molar ratio of 20. The use of O, instead of H,0, results
in a marked decrease in the activity which, nevertheless, can
still be catalytic (e.g., TON =4 for oxidation of methane to
methanol with catalyst 3 and p(O,)=2 atm, the other
conditions being similar to those given above).

The activity is dependent on the molar ratio of the
peroxide to catalyst (compare entries 3—7 for 2 and entries 8—
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Table 1: Peroxidative oxidation of cyclohexane catalyzed by complexes 1-4.7!

Cu catalyst

oF Yol

aq. HnOZ MeCN

Entry Catalyst n(H,0,)/  t[h] Yield [%]"

n(catalyst)
Cyclohexanol

Cyclohexanone Totall

1 1 200 6 5.0 7.2 12.2
2 1 400 6 6.0 9.4 15.4
3 2 200 6 199 10.6 30.5
4 2 400 6 7.9 6.8 14.7
sd 2 200 72 193 6.3 25.6
69 2 400 72 203 9.0 29.3
742 800 72 16.7 14.9 31.6
8 3 200 6 15.4 11.8 27.2
9 3 400 6 142 8.9 23.1
104 3 200 72 20.6 6.5 27.1
14 3 400 72 20.8 9.8 30.6
124 3 800 72 135 10.5 24.0
13 4 200 6 6.5 5.8 12.3
14 4 400 6 7.0 8.6 15.6
15 Cu(NO;),® 200 6 1.1 2.1 3.2
16 Cu(NO;), 400 6 1.6 3.8 5.4
[a] Reaction conditions: catalyst (0.025 mmol), H,0, (2.50-10.00 mmol), C¢H,,

(0.63 mmol).

Full experimental details are provided in the Supporting

Information. [b] Moles of product/100 moles of cyclohexane. [c] Cyclohexanol
+ cyclohexanone. [d] Catalyst (0.0125 mmol). [e] For comparative purposes.

12 for 3). Typically for cyclohexane reactions of 6 h, ratios of
peroxide to catalyst ranging from 200:1 to 400:1 led to the
best yields. Very high selectivity towards the formation of
cyclohexanol and cyclohexanone was exhibited by these
systems as no traces of any by-products were detected by
GC or GC-MS analyses of the final reaction mixtures. The
remarkable activity of our copper complexes is even higher
than those found in amavadine and related vanadium
catalysts for the same reaction.*”! Based on mass, our Cu
complexes appear to exhibit an activity that is comparable to
or even higher than that of pMMO (17 nmol of ethanol per
minmg of catalyst 3; 34 nmol of methanol per minmg of
catalyst 3; or 97 nmol of cyclohexanol and cyclohexanone per
minmg of catalyst 2 averaged over the reaction time versus
12-17 nmol of ethanol per minmg of protein for the
enzymatic hydroxylation of ethane,'®! which is a particularly
favorable substrate).

The relevance of polydentate N,O-triethanolaminate
ligands is evident in view of the much lower activity of a
simple copper salt such as Cu(NO;), under the same reaction
conditions (3-5 % yield, TON = 1, entries 15, 16, in the case of
cyclohexane oxidation; or 0.06% yield, TON=0.6 for the
methane oxidation). This is conceivably associated with the
involvement of those ligands (upon decoordination of an N or
O atom) in proton-transfer steps for example among H,0O,,
oxo, and/or peroxo ligands, as suggested for some vanadium
catalysts that may require particular N, O additives as
cocatalysts.[+711]

The above alkane reactions appear to proceed mainly by
mechanisms that involve both carbon-centered and oxygen-
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centered radicals (the former upon homolysis of an alkane C—
H bond) as very pronounced decreases in product yields occur
when the reactions are carried out in the presence of either a
carbon-radical trap such as CBrCl; or TEMPO (2,2,6,6-
tetramethylpiperidin-1-oxyl) (use of the former almost com-
pletely suppresses the formation of cyclohexanol and cyclo-
hexanone when used in excess relative to the alkane, whereas
the latter leads to around 60 % suppression of activity for a
stoichiometric amount in relation to the alkane)'? or an
oxygen-radical trap such as Ph,NH (activity suppression of ca.
90 % for a stoichiometric amount relative to H,0,). BHT (2,6-
di-tert-butyl-4-methylphenol) has a lower inhibition effect,
commonly below 50 % .

Competitive nonradical pathways can probably occur
through either 1) electrophilic attack from an oxidized metal
(metal-peroxo or metal-oxo) centre to an alkane C—H bond
with heterolytic cleavage of this bond to give an organocopper
intermediate (R~ abstraction) as proposed®®:% for other
metals, or 2)a concerted mechanism involving a direct
insertion of an activated electrophilic oxygen atom, for
example, a bridging oxygen atom, into an alkane C—H bond
or through a pairwise process with C—H addition to two
oxygen-atoms, as suggested for biological alkane hydroxyl-
ation by pMMO. '8!

The higher activity of catalysts 2 and 3 might be accounted
for by: 1) their lower coordination number (they are five-
coordinate, whereas the others are six-coordinate); 2) the
presence of a labile ligand (H,0); 3) the expected higher
stability of the multinuclear structures that have relatively
close copper atoms supported by various bridging ligands (in
the other complexes, only p-ethoxy-type bridges are involved
in the coordination to Cu atoms at a close distance). The last
feature (3) agrees with the isolation after the reaction of the
tetranuclear catalyst 3, which maintains its high activity for
further catalytic assays. Moreover, it is also consistent with the
proposed involvement of three or four Cu atoms in a xylyl
hydroxylation reaction in which a (p-1,1-hydroperoxide)
dicopper intermediate is further activated by a second
dicopper center that acts as a Lewis acid thus promoting the
electrophilic character of the hydroperoxide towards the
substrate.”* 13l

In conclusion, we have found a simple and convenient
route for the formation of novel di-, tri-, tetra-, and
polynuclear copper triethanolamine complexes, which can
be easily prepared in high yields by using cheap, commercially
available, and environmentally tolerable reagents. We have
also opened up the possibility of applying such copper
complexes as highly selective and active catalyst precursors
for single-pot alkane oxidation at room temperature with an
environmentally friendly oxidant (H,O, that produces only
water as by-product) towards the establishment of a powerful
copper-based alkane oxidation system, which mimics pMMO
and has some advantages over the current industrial synthetic
processes for alcohols and ketones.
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