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Aerobic Oxidation of Primary Alcohols by a
New Mononuclear CuII-Radical Catalyst**
Phalguni Chaudhuri,* Martina Hess,
Thomas Weyhermüller, and Karl Wieghardt*

Recently we reported[1] a dinuclear CuII-phenoxyl radical
complex, which catalyzes efficiently the aerobic oxidation of
primary and secondary alcohols to the corresponding alde-
hydes and ketones or to 1,2-glycols by oxidative C ± C
coupling with concomitant formation of H2O2. This complex
together with that of Stack et al.[2] are the first reported
functional models for the enzyme galactose oxidase (GO).[3]

We report here a new mononuclear CuII-iminosemiquinone
catalyst that selectively transforms primary alcohols (e.g.
ethanol but not methanol) with O2 to aldehydes and H2O2;
secondary alcohols are not at all substrates for the catalyst.

The trifluoroacetate salt of the cation N,N-bis(2-hydroxy-
3,5-di-tert-butylphenyl)ammonium [H4(L3)](CF3CO2) was
prepared through the condensation of 3,5-di-tert-butylcate-
chol with NH3 in n-heptane and subsequent acidification with
trifluoroacetic acid. It is known[4] that the diamagnetic
trianion (L3)3ÿ (Scheme 1), present as a tridentate ligand in
complexes, can be easily oxidized to the radical dianion (L2)2ÿ

and then to the diamagnetic monoanion (L1)1ÿ in two
successive one-electron oxidation steps. Speier and Pierpont
et al. have, for example, described the complexes [CuII(L1)2]

tion. The critical anti-selective crotylation reaction was then
carried out to establish the relative configuration at the C6
and C7 centers. This double stereodifferentiating[13] reaction
was readily accomplished with TiCl4 to afford homoallylic
alcohol 11 with high levels of diastereoselectivity (anti :syn
>30:1) and in 50 ± 60 % yield. This anti-bond construction was
presumably achieved through simultaneous coordination of
the aldehyde oxygen atom and the nitrogen atom in the
oxazoline ring. The 1,3-relationship of the heteroatoms ideally
predisposes the more Lewis basic nitrogen atom relative to
the aldehyde carbonyl group to generate a 5-membered
chelate with TiCl4 via the illustrated synclinal transition state
(Scheme 3).[14] Oxidative cleavage of (E)-olefin 11 under
standard ozonolysis conditions and subsequent oxidation with
sodium chlorite[15] furnished carboxylic acid 3.

The completion of (�)-lactacystin was initiated by catalytic
transfer hydrogenation of the oxazoline moiety with Pd-black
to give the g-lactam methyl ester after cyclization. Saponifi-
cation of the methyl ester under mild conditions afforded the
dihydroxy acid, which was directly converted into b-lactone 2
by treatment with bis(2-oxo-3-oxazolidinyl)phosphinic chlor-
ide (BOPCl). We employed the lactone opening strategy
developed by Corey et al. to attach the N-acetyl-l-cysteine
side chain.[5b] Treatment of 2 with N-acetyl-l-cysteine/Et3N
furnished synthetic (�)-1 identical in all respects to the
natural product (1H and 13C NMR, IR spectroscopies, HR-
MS, optical rotation, and TLC).[5b]
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Scheme 1.

and [CuII(L2)(pyridine)2].[5] In absence of air [H4(L3)]-
(CF3CO2) reacts with [CuI(NCCH3)4]ClO4 in CH3CN in the
presence of excess NEt3 to yield a yellow solution, which upon
exposure to air at 20 8C provides the neutral complex
[CuII(L2)(NEt3)] (1) as green-black crystals.

On the contrary, a solution of CuICl and [H4(L3)](CF3CO2)
(1:1) neutralized by NEt3 in CH3OH upon treatment with
pure dry O2 at ÿ50 to ÿ70 8C yields deep red crystals of
[CuII(L3H2)(O2

.ÿ)(NEt3)] (2). Compound 2 is diamagnetic
(2 ± 300 K) due to strong intramolecular antiferromagnetic
coupling between the CuII ion and the bonded superoxide ion.
The CuII(O2

.ÿ) moiety exhibits typical charge transfer ab-
sorptions at 524 and 650 nm and an infrared stretch nÄ(16O ±
16O) at 964 cmÿ1, which on 18O-labeling drops[6] to 909 cmÿ1.
Complex 2 can be directly prepared by adding 100-fold excess
of H2O2 to a green solution of 1 in dry methanol. On the other
hand, a solution of 2 in tetrahydrofuran (THF) at 20 8C forms
1 and H2O2 due to the equilibrium (1).

2 > 1 � H2O2 (1)

The X-ray structure[7] of 1 shows that the CuII ion,
coordinated to the tridentate (L2)2ÿ ligand along with an
NEt3 molecule, is in a slightly distorted square-planar N2O2

environment (Figure 1).[8] The metrical parameters of (L2)2ÿ

correspond to those for the reported [MIV(L2)2] complexes
(M�V, Ti, Sn).[4d, 9] That 1 possesses a diamagnetic ground
state (S� 0) arising from the intramolecular antiferromag-
netic coupling between the spins of radical ± ligand (S2

L� 1�2)
and that of the CuII ion (SCu� 1�2) has been shown by variable-
temperature susceptibility measurements (SQUID, 2 ±
400 K)[10] on solid 1. This behavior is in accordance with that
of the active form of GO, in which a CuII ion is coordinated to
a tyrosyl radical.

The cyclic voltammogram of 1 in CH2Cl2 (0.1m
[(nBu)4N]PF6, glassy carbon electrode, 20 8C) exhibits two
reversible one-electron processes at E1

1=2�ÿ0.14 V and E2
1=2�

ÿ1.06 V versus Fc�/Fc in the potential range �0.2 to ÿ1.3 V.
Spectroelectrochemical measurements on the oxidized and
reduced forms, generated by coulometry of 1, show the redox
processes to be ligand-centered, as shown in Equation (2). In

Figure 1. Crystal structure of the neutral complex 1. Selected bond
lengths [�] and angles [8]: Cu ± N(1) 1.906(2), Cu ± O(1) 1.926(1), Cu ±
O(2) 1.959(1), Cu ± N(30) 2.010(2), O(1) ± C(2) 1.322(2), O(2) ± C(16)
1.310(2), N(1) ± C(1) 1.384(2), N(1) ± C(15) 1.358(2); N(1)-Cu-O(1)
83.83(6), N(1)-Cu-O(2) 83.34(6), O(1)-Cu-O(2) 159.73(6), N(1)-Cu-N(30)
168.13(7), O(1)-Cu-N(30) 96.08(6), O(2)-Cu-N(30) 99.68(6).

the absence of protons the CuII ion is reduced at even more
negative potentials.

[CuII(L1)(NEt3)]� ) *
�e

ÿe;E1
1=2

[CuII(L2)(NEt3)]0

) *
�e

ÿe;E2
1=2

[CuII(L3)(NEt3)]ÿ (2)

Under anaerobic conditions at 20 8C, a solution of 1 in THF
oxidizes stoichiometrically benzyl and ethyl alcoholÐbut not
isopropyl alcohol or methanolÐto the corresponding alde-
hydes [Eq. (3)], while 1 itself undergoes a two-electron
reduction process forming most probably [CuI(L3H2)(NEt3)].

RCH2OH � 1 ! RCHO � [CuI(L3H2)(NEt3)] (3)

On the other hand, as [CuI(L3H2)(NEt3)] in THF or CH2Cl2

reacts with molecular O2 to yield at first 2 and subsequently
slowly 1 and H2O2 [Eq. (4) and (5)], the combination of
Equations (3) ± (5), in principle, leads to the homogeneously
catalyzed oxidation of primary alcohols [Eq. (6)].

[CuI(L3H2)(NEt3)] � O2
ÿ!fast

[CuII(L3H2)(O2
.ÿ)(NEt3)] (4)

2 ÿ!slow
[CuII(L2)(NEt3)] � H2O2 (5)

RCH2OH � O2
ÿ!�catalyst�

RCHO � H2O2 (6)

This is, indeed, the case. A THF solution of 1 (or
[CuI(L3H2)(NEt3)]) ([Cu]t� 2.65� 10ÿ5m) mixed with benzyl
alcohol or ethanol (0.125m) as substrate, provides after
stirring in open air at 20 8C for 20 h the corresponding
aldehyde in an overall yield of about 55 %. The catalysis can
also be performed in neat alcohols without any additional
solvent. The gas chromatographic product analysis establish-
ed aldehydes as the sole oxidation product; no formation of
carboxylic acid or oxidative C ± C coupling[1] products (>1 %)
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was observed. The catalyst does not show any catalase
activity: disproportionation of H2O2 does not occur.

From the measurements of the kinetics[11] of these catalytic
reactions the rate law [Eq. (7)] has been derived which
establishes a mononuclear copper complex to be the active

v� k[Cu]t[alcohol] [NEt3] � 2� 10ÿ3m� const. (7)

form of the catalyst, as is found also in the compound
described by Stack et al.[2] and in GO.[1] With the selectively
deuterated substrates PhCD2OH and CH3CD2OH kinetic
isotope effects kH/kD of about 8 have been evaluated. As for
other functional models[1, 2] and GO,[3] hydrogen abstraction
from the a-carbon atom of the coordinatively bound alcohol-
ate is apparently also in this case the rate-determining step.
The turnover frequency for 1 in neat alcohol of 0.5 sÿ1 is
somewhat bigger than that of the system described by Stack
et al. for the oxidation of benzyl alcohol (ca. 0.005 sÿ1); the
catalysis proceeds overall relatively slowly.

Figure 2 shows that the rate of aldehyde formation in-
creases with increasing [NEt3] concentration until a maximum
is reached and then starts to decrease. An excess of NEt3

Figure 2. Effect of the concentration of base [NEt3] on the catalytic rate.
Experimental conditions: [CuICl]� 2.5� 10ÿ4m (constant), [H4L3]� 2.5�
10ÿ4m (constant), [benzyl alcohol]� 0.125m (constant), [NEt3]� (1.0 ±
10.0)� 10ÿ3m in THF at 20 8C and 1 atm air. Formation of benzaldehyde
as a function of time was quantitatively determined.

inhibits the catalysis. Our qualitative (and speculative)
interpretation of this behavior is as follows: In absence of
excess NEt3, the monodentate ligand NEt3 dissociates from 1
in THF [Eq. (8)], while in presence of excess NEt3 the five-
coordinate complex [CuII(L2)(NEt3)2] is formed [Eq. (9)].

[CuII(L2)(NEt3)] � THF > [CuII(L2)(THF)] � NEt3 (8)

[CuII(L2)(NEt3)] � NEt3 > [CuII(L2)(NEt3)2] (9)

As [CuII(L2)(NEt3)2] and [CuII(L2)(THF)] (or its dimeric
form, detected by ESI-MS) are catalytically inactive, there is a
particular NEt3 concentration, at which the catalytically active
form 1 is present in the highest concentration. If the
experimental concentration of NEt3 is smaller than that at
the maximum, the catalysis becomes slowed down by
increasing formation of the monomeric dissociation product
(or its dimer); a higher concentration of NEt3 than that at the
maximum results in more adduct formation also causing slow
catalysis or even complete inhibition.

Our mechanistic proposal for the catalysis is displayed in
Scheme 2. At the beginning 1 binds an alcohol; in the rate-
determining step hydrogen-atom transfer from the a-C atom
of the alcoholate ligand to the radical ± ligand (L2H)ÿ occurs,
in which it is reduced to (L3H2)ÿ. The resulting coordinated

Scheme 2. Proposed mechanism for the catalysis.

ketyl radical anion, a strong one-electron reducing agent,
transfers very fast an electron to the CuII ion, during which the
ªbadº ligand aldehyde is formed and dissociates. The CuI form
can now react with O2 to form the CuII superoxide complex 2,
which then provides noncoordinated H2O2 and regenerates
the active form 1.

Experimental Section

N,N-Bis(2-hydroxy-3,5-di-tert-butylphenyl)ammonium trifluoroacetate (2.7 g,
48%) [H4L3](CF3CO2) was obtained as a violet solid through the
condensation of 3,5-di-tert-butylcatechol (5 g) with 25 % aqueous ammonia
(0.75 mL) in n-heptane (50 mL) under an argon atmosphere (48 h stirring
at 20 8C) and subsequent addition of trifluoroacetic acid (20 mL) and H2O
(50 mL). The crude product was washed several times thoroughly with n-
pentane to yield a colorless product, which is slightly light-sensitive but
strongly O2-sensitive. Remark: For the following syntheses and catalysis
only the colorless pure product should be used. C, H, N analyses (%;
C30H44F3NO4): calcd (found): C 66.64 (66.34), H 8.39 (8.30), N 2.59 (2.48);
EI-MS: m/z : 425 [M�]; 1H NMR (CDCl3): d� 7.11 (s, 2 H), 6.83 (s, 2H),
5.61 (s, br, 4 H; OH, NH2), 1.44 (s, 18H, C(CH3)3), 1.22 (s, 18H, C(CH3)3).

1: A solution of [CuI(NCCH3)4](ClO4) (0.16 g, 0.5 mmol), [H4L3]CF3CO2

(0.272 g, 0.5 mmol), and triethylamine (0.5 mL) was refluxed in dry CH3CN
(50 mL) for 0.5 h under argon. Exposure of the resulting pale yellow
solution to air at about 20 8C initiated a color change to deep green, from
which within 1 h green-black crystals of 1 precipitated (0.21 g, 71%). C, H,
N, Cu analyses (%; C34H55N2O2Cu): calcd (found): C 69.52 (69.73), H 9.23
(9.22), N 4.77 (4.62), Cu 10.81 (10.63).

2 : A solution of CuICl (0.10 g, 1.0 mmol) [H4(L3)](CF3CO2) (0.54 g,
1.0 mmol) and NEt3 (0.5 mL, 3.5 mmol) in dry CH3OH (50 mL) was
heated to boiling for a short time under argon and then cooled to a
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Synthesis, Structure, and Redox Properties of
[{(h5-C5H5)Co(S2C6H4)}2Mo(CO)2],
a Novel Metalladithiolene Cluster**
Masayuki Nihei, Takuya Nankawa, Masato Kurihara,
and Hiroshi Nishihara*

Dithiolato complexes of late transition metals exhibit
interesting physical and chemical properties such as reversible
redox activity, deep colors,[1] and various substitution and
addition reactions due to the quasiaromaticity and electronic
unsaturation of the metalladithiolene ring.[2] However, no
reports on metal ± metal bond formation by metalladithiolene
complexes are available to our knowledge. Here we report the
first formation of a cluster from a cobalt dithiolene complex,
namely, [CoCp(S2C6H4)] (1, Cp� h5-C5H5), by reaction with
[Mo(CO)3(py)3] and BF3 to give [{CpCo(S2C6H4)}2Mo(CO)2]
(2), which has an almost linear Co-Mo-Co arrangement and
four m-S bridges. It can be regarded as two cobaltadithiolene
rings bridged by a molybdenum dicarbonyl moiety. The redox

temperature in the range of ÿ50 to ÿ70 8C and treated with pure O2 to
yield a deep red solution. Within 5 ± 10 min a precipitation of a deep red
microcrystalline substance 2 (0.12 g; 19%) occurred. An alternative
method for crystallizing 2 was to add 30% H2O2 (0.26 mL) to a solution
of 1 (160 mg, 2.23 mmol) in CH3OH (25 mL) at ÿ80 8C. C, H, N, Cu
analyses (%; C34H57N2O4Cu): calcd (found): C 65.72 (65.45), H 9.25 (9.23),
N 4.51 (4.52), Cu 10.23 (10.20); UV/Vis (CH2Cl2): lmax [nm]
(e [Lmolÿ1 cmÿ1])� 391 (2.1� 103), 423 (1.8� 103), 524 (2.1� 103), 649
(1.6� 103); 1H NMR (CD2Cl2, 400 MHz): d� 0.99 (t, 9 H), 1.18 (s, 18H),
1.29 (s, 18 H), 1.80 (br. s, 2H), 2.50 (dt, 6H), 7.20 (s, 2 H), 7.33 (s, 2H).
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