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Abstract: A new CeIV complex [Ce{NH(CH2CH2N=CHC6H2-3,5-
(tBu)2-2-O)2}(NO3)2] (1), bearing a dianionic pentadentate
ligand with an N3O2 donor set, has been prepared by

treating (NH4)2Ce(NO3)6 with the sodium salt of ligand L1.
Complex 1 in the presence of TEMPO and 4 æ molecular

sieves (MS4 A) has been found to serve as a catalyst for the
oxidation of arylmethanols using dioxygen as an oxidant.
We propose an oxidation mechanism based on the isolation
and reactivity study of a trivalent cerium complex
[Ce{NH(CH2CH2N=CHC6H2-3,5-(tBu)2-2-O)2}(NO3)(THF)] (2), its

side-on m-O2 adduct [Ce{NH(CH2CH2N=CHC6H2-3,5-(tBu)2-2-
O)2}(NO3)]2(m-h2 :h2-O2) (3), and the hydroxo-bridged CeIV

complex [Ce{NH(CH2CH2N=CHC6H2-3,5-(tBu)2-2-O)2}(NO3)]2(m-

OH)2 (4) as key intermediates during the catalytic cycle.
Complex 2 was synthesized by reduction of 1 with

2,5-dimethyl-1,4-bis(trimethylsilyl)-1,4-diazacyclohexadiene.
Bubbling O2 into a solution of 2 resulted in formation of the
peroxo complex 3. This provides the first direct evidence for
cerium-catalyzed oxidation of alcohols under an O2

atmosphere.

Introduction

Most lanthanide elements favor the + 3 oxidation state, al-
though some, such as Sm, Eu, and Yb, adopt the + 2 oxidation

state. A unique exception, however, is Ce because of the rela-
tive accessibility of two stable oxidation states, + 3 and + 4,
and this redox couple can be utilized for many chemical redox
processes.[1] In fact, CeIV-based compounds, such as cerium am-

monium nitrate, (NH4)2Ce(NO3)6 (CAN), are widely used as ver-
satile oxidants in organic transformations, bioinorganic reac-
tions, and electron-transfer chemistry,[2] though (NH4)2Ce(NO3)6

often serves only as a stoichiometric oxidant. In addition to
several transition metal complexes with Cu, Co, Fe, Ru, Mn,

and V, which serve as catalysts for aerobic oxidation of alcohols
in combination with a stable radical such as 2,2,6,6-tetrame-

thylpiperidine 1-oxyl (TEMPO), the preparation of discrete
cerium compounds capable of catalytically oxidizing organic
compounds with dioxygen as a terminal oxidant has attracted

much interest.[3–5] Three examples of side-on m-peroxo diceri-
um(IV) complexes have recently been reported and structurally

characterized. Lappert et al. described a m-peroxo complex of
homoleptic cerium amide A,[6a] Leung et al. described doubly

m-peroxo-bridged CeIV complex B supported by a monoanionic
imidodiphosphinate ligand,[6b] and Reglinski et al. described
a m-peroxo CeIV complex C supported by a tripodal phenoxy-
amine-based ligand (Figure 1).[6c] The catalytic performances

and fundamental reactivities of these m-peroxo complexes for
oxidation reactions, however, were not investigated. In this

context, we report herein the first direct evidence for cerium-
catalyzed oxidation of alcohols under O2 in combination with

TEMPO and 4 æ molecular sieves (MS4 A). A dinuclear peroxo-
cerium complex containing a Ce2(m-O2) core has been isolated

and structurally characterized as a key intermediate for the al-
cohol oxidation process, in which a mononuclear CeIV complex

Figure 1. Peroxo-bridged dinuclear cerium complexes reported by other
groups.

[a] M. Paul, S. Shirase, Dr. L. Mathey, Dr. B. Murugesapandian, Dr. S. Tanaka,
Prof. Dr. H. Tsurugi, Prof. Dr. K. Mashima
Department of Chemistry, Graduate School of Engineering Science
Osaka University, Toyonaka, Osaka 560-8531 (Japan)
E-mail : mashima@chem.es.osaka-u.ac.jp

tsurugi@chem.es.osaka-u.ac.jp

[b] Dr. Y. Morimoto, Prof. Dr. S. Itoh
Department of Material and Life Science, Graduate School of Engineering,
Osaka University, Suita, Osaka 565-0871 (Japan)

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/chem.201503846.

Chem. Eur. J. 2016, 22, 4008 – 4014 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4008

Full PaperDOI: 10.1002/chem.201503846

http://dx.doi.org/10.1002/chem.201503846


bearing a Schiff-base-type ligand served as the catalyst. Fur-
thermore, we have successfully isolated and characterized

a mononuclear CeIII species as well as a (OH)2-bridged dinuclear
CeIV species.

Results and Discussion

Reaction of (NH4)2Ce(NO3)6 with the disodium compound

NH(CH2CH2N=CHC6H2-3,5-(tBu)2-2-ONa)2 (L1), prepared by con-
densation of 3,5-bis(tert-butyl)salicylaldehyde and diethylenetri-

amine followed by deprotonation using NaH, afforded the
mononuclear CeIV complex 1 [Eq. (1)] . The 1H NMR spectrum of
1 in CDCl3 displays a pattern befitting a symmetric molecule,

with three singlet resonances at d= 8.61, 7.59, and 7.13 ppm
attributable to an imine proton and two aromatic protons, two
singlets at d= 1.31 and 1.50 ppm attributable to two magneti-
cally non-equivalent tBu groups, and four broad multiplets
attributable to the adjacent -CH2CH2- methylene protons. The
UV/Vis spectrum of 1 in CH3CN features a broad absorption at

lmax = 594 cm¢1, corresponding to a ligand-to-metal charge-

transfer band from the ligand p orbital to the vacant Ce 4f
orbital, which is characteristic of CeIV complexes (Figure 2).[7]

Cyclic voltammetry of 1 in CH3CN containing [nBu4N]PF6 dis-

plays a reversible reduction wave at E1/2 =¢0.493 V (vs Cp2Fe),
negatively shifted with respect to the potential of CAN,
presumably due to ligation of the electron-rich ligand L1 to

the CeIV centre of 1.[7c, 8] The crystal structure of complex 1 was
determined by X-ray diffraction analysis (Figure 3). The cerium

atom of 1 occupies a distorted nine-coordinated geometry,
being surrounded by three nitrogen atoms and two oxygen

atoms in a distorted penta-coordinated equatorial plane, along

with further coordination at both apical sites by two chelating
NO3 anions. The dihedral angle (58.38) between the two phen-

oxy rings of the ligand indicates a deformation of the penta-
coordinated plane due to steric repulsion between the two

tBu groups attached at the ortho positions of the respective
rings.

Selective oxidation of alcohols to aldehydes under O2 atmos-

phere without any over-oxidation of the organic compounds is
a highly desirable reaction in organic synthesis.[9] Complex

1 was found to serve as a catalyst for the selective oxidation of
arylmethanols (Table 1). When we oxidized 4-methylbenzyl al-
cohol using 1 (5 mol %) in the presence of MS4 A with TEMPO

(10 mol %) in CH3CN under O2 at atmospheric pressure in
Figure 2. UV/Vis spectra of cerium complexes 1 and 2 in CH3CN: complex
1 (black line) and complex 2 (gray line).

Figure 3. Molecular structure of complex 1. All hydrogen atoms are omitted
for clarity. Selected bond distances (æ) and angles (degree): Ce–N(1) 2.569(8),
Ce–N(2) 2.638(8), Ce–N(3) 2.531(8), Ce–O(1) 2.127(7), Ce–O(2) 2.150(6),
Ce–O(3) 2.517(9), Ce–O(4) 2.523(8), Ce–O(6) 2.520(8), Ce–O(7) 2.508(8) ; N1–
Ce–N2 63.0(3), N2–Ce–N3 65.8(3), O1–Ce–O2 103.2(3), O1–Ce–N1 72.7(3),
O2–Ce–N3 70.6(3).

Table 1. Oxidation of 4-methylbenzyl alcohol catalyzed by 1/TEMPO/
MS4 æ under O2 atmosphere.[a]

Entry Cat. [mol %] TEMPO [mol %] Yield[a] [%]

1 5 10 83
2 5 – 33
3[b] 5 10 69
4[c] 5 10 10
5 5 5 51
6 – 10 2
7[d] 5 10 n.d.

[a] Yields were calculated by 1H NMR. [b] MS4 æ was not added. [c] NEt3

(10 mol %) was used as an additive. [d] Reaction under argon
atmosphere.
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a closed vessel for 20 h, the corresponding oxidized product,
4-methylbenzaldehyde, was obtained in 83 % yield (entry 1). In

contrast, the yield of the reaction without TEMPO was only
33 % (entry 2). In the absence of MS4 A, the yield of the prod-

uct was also decreased, presumably because MS4 A served as
a heterogeneous base rather than absorbing water (entry 3).[10]

On the other hand, the addition of an organic base such as
NEt3 in the absence of MS4 A resulted in a lower yield (entry 4).
Reducing the amount of TEMPO to 5 mol % decreased the

product yield (entry 5). Furthermore, omission of either com-
plex 1 or O2 resulted in only a trace amount of the aldehyde,
indicating that all four components of 1, O2, MS4 A, and
TEMPO were necessary in this catalytic oxidation (entries 6 and

7). When the catalytic reaction was conducted in hexane,
toluene, THF, or chloroform, it was less effective than when

conducted in CH3CN.

Once the optimized catalytic conditions had been deter-
mined, we oxidized a variety of benzyl alcohols bearing elec-

tron-donating and -withdrawing groups at their ortho, meta,
and para positions to the corresponding aldehydes (Table 2).

We increased the temperature and reaction time to improve

the product yields for a series of substrates. para-Substituted

benzyl alcohols bearing an electron-donating group such as
methoxy or methyl afforded the corresponding aldehydes in

good yields (entries 1 and 2). Benzyl alcohols bearing electron-
withdrawing substituents gave lower product yields, but in-
creasing the amount of catalyst to 10 mol % led to the oxidized
products in up to 94 % yield (entries 4 and 5). Benzyl alcohol
derivatives bearing a substituent at the ortho position reacted

more slowly due to steric congestion (entries 6–8). For meta-
substituted substrates, the corresponding aldehydes were
obtained in moderate yields (entries 9–11).

Moreover, the electronic effects on the catalytic reaction
were systematically probed by comparing the relative reaction
rates with electronically varied substituents (X = OMe, Me, H,

Br, CF3) in CH3CN at 85 8C for 10 h. In these experiments, two
substrates, benzyl alcohol and a para-substituted derivative,

were added to the same reaction vessel, and the progress of
the reactions was monitored by 1H NMR spectroscopy. The

observed reaction rates correlated reasonably well to the Ham-
mett sp parameters, providing a 1 value of ¢0.77,[11] which im-

plies radical intermediate formation at the benzylic position of
the substrate in the transition state for the oxidation process
(see below).

Next, we performed control experiments to clarify the reac-
tion mechanism. We first examined the reaction of complex

1 and 4-methylbenzyl alcohol in CH3CN at 80 8C. In the ESI
mass spectrum of the reaction mixture, signals for

[LCeIII(NO3)(OCH2Ar)]¢ and [LCeIV(NO3)2(OCH2Ar)]¢ were detect-
ed in negative-ion mode.[11] The one-electron-reduced CeIII

species was formed under the ESI-MS conditions for negative-

ion signals. We further conducted UV/Vis measurements. When
a solution of complex 1 (5 mol %), TEMPO (10 mol %), and 4-

methylbenzyl alcohol in CH3CN was heated at 80 8C for 32 h
under argon atmosphere, we observed a transition of the

absorption spectrum. Bands at lmax = 340 and 576 nm attribut-
able to complex 1 slowly decreased, with a concomitant in-

crease in a band at lmax = 370 nm (Figure 4). This behavior

could be ascribed to the reduction of CeIV to CeIII in the reac-
tion mixture, based on the spectral data of the isolated CeIV

and CeIII species (see below). We also monitored the reduction
of 1 by 1H NMR spectroscopy. When an analogous reaction

mixture in CD3CN was heated at 80 8C under argon atmos-
phere for 6 h, highly downfield- and upfield-shifted signals

were observed due to paramagnetic species, clearly suggesting

the formation of a paramagnetic CeIII complex.[11]

The detection of a CeIII species by spectral measurements

prompted us to attempt its isolation to gain further insight
into the mechanism. Treatment of 1 with 2,5-dimethyl-1,4-bis-

(trimethylsilyl)-1,4-diazacyclohexadiene[12] gave a CeIII complex,
[(L)Ce(NO3)(THF)] (2), in 49 % isolated yield [Eq. (2)] . Because of

Table 2. Oxidation of benzyl alcohol derivatives by 1/TEMPO/MS4 æ
under O2 atmosphere.[a]

Entry Substrate Yield [%][a]

1 R = OMe 92
2 R = Me 85
3 R = H 81
4 R = Br 71(94)[b]

5 R = CF3 62(90)[b]

6 R = OMe 65
7 R = Me 67
8 R = CF3 22(70)[b]

9 R = OMe 72
10 R = Me 79
11 R = CF3 40(87)[b]

[a] Yields were calculated by 1H NMR. [b] 10 mol % catalyst was used. Figure 4. Time-dependent UV/Vis spectra of a mixture of complex 1, TEMPO,
and 4-methylbenzyl alcohol in CH3CN under argon atmosphere.
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the paramagnetic nature of complex 2, the resonances in the
1H NMR spectrum were highly shifted both upfield and down-

field.[11] Signals at d = 4.37 and ¢4.22 ppm could be attributed
to the two tBu groups, based on their relative intensities. The

UV/Vis spectrum of 2 in CH3CN displayed only a ligand p–p*
transition centred at lmax = 370 nm (Figure 2, gray line), in
good accordance with the spectrum observed for in situ gen-
erated 2 under argon atmosphere, as shown in Figure 4.[7, 11]

Figure 5 shows an ORTEP drawing of 2, clearly indicating that

it is a CeIII compound, as one nitrate ligand of 1 was replaced
by a THF ligand. The Ce–O(THF) bond length is 2.526(4) æ and

the bond lengths between the cerium atom and two oxygen

atoms of the nitrate ligand [2.585(5)–2.613(4) æ] are significant-
ly elongated compared to those in 1 [2.507(8)–2.523(8) æ]. The

Ce–O(phenoxy) bond lengths are longer by about 0.13 æ than
those in complex 1 due to the larger ionic radius of CeIII

(1.01 æ) than that of CeIV (0.87 æ),[13] leading to a less deformed
chelating ligand compared with that in 1.

With the CeIII complex 2 in hand, we examined the effects of
bubbling O2 through a dilute solution (0.125 mm) of 2 in

CH3CN at ¢40 8C, which induced a very rapid color change
from yellow to violet within a few seconds. Time-resolved

UV/Vis spectrophotometry in CH3CN at ¢40 8C showed the

disappearance of complex 2 with the appearance of new ab-
sorptions at 340 and 529 nm due to CeIV complex 3. The ab-

sorption at 529 nm could be attributed to a ligand-to-metal
charge transfer in 3, similar to that in complex 1 (purple line in

Figure 6, lmax = 340, 529 nm). During this transition, two iso-
sbestic points at 353 and 393 nm were observed. Formation of

the CeIV peroxo complex 3 was confirmed by ESI-MS analysis

of the purple solution, whereby a signal due to [3·(NO3)]¢ was
observed in negative-ion mode.[11]

When O2 was bubbled into a solution of 2 in CH3CN at

¢30 8C under high concentration conditions (17.7 mm), sponta-
neous crystallization of 3 proceeded to give sparingly soluble

needle-shaped dark-violet microcrystals [Eq. (3)] . The overall
structure of 3, in which two cerium atoms are bridged by the

m-h2 :h2-peroxo ligand, is shown in Figure 7. The length of the
O¢O bond in the peroxo moiety was determined as 1.483(8) æ,

a value within the typical range of oxygen-oxygen single

bonds observed in dinuclear peroxo-bridged complexes of Ce
and other lanthanides.[6, 14] The peroxo ligand asymmetrically

binds to two cerium atoms (Ce–O(peroxo) 2.237–2.298 æ) to
reduce the steric repulsion between the tert-butyl groups. The

dihedral angles of the two phenoxy rings are smaller (31.58
and 34.48) than that in complex 1 due to the restricted confor-

Figure 5. Molecular structure of complex 2. All hydrogen atoms are omitted
for clarity. Selected bond lengths (æ) and angles (degree): Ce–N(1) 2.716(5),
Ce–O(1) 2.285(4), Ce–N(2) 2.674(4), Ce–O(2) 2.298(3), Ce–N(3) 2.740(5),
Ce–O(3) 2.613(4), Ce–O(4) 2.585(5) ; N1-Ce-N2 62.11(12), N2-Ce-N3 62.86(14),
O1-Ce-N1 67.11(13), O1-Ce-O2 99.02(12), O2-Ce-N3 68.65(12).

Figure 6. Time-dependent UV/Vis spectra obtained upon mixing a solution
of CeIII complex 2 (0.040 mm) in CH3CN and O2 at ¢40 8C in a 10 mm quartz
cell.

Figure 7. Molecular structure of complex 3. All hydrogen atoms, methyl
groups, and acetonitrile ligands are omitted for clarity. Selected bond
lengths (æ) and angles (degree): O(11)–O(12) 1.483(8), Ce(1)–O(1) 2.168(5),
Ce(1)–O(2) 2.170(5), Ce(1)–O(3) 2.520(6), Ce(1)–O(4) 2.594(6), Ce(1)–O(11)
2.298(6), Ce(1)–O(12) 2.257(6), Ce(2)–O(6) 2.185(5), Ce(2)–O(7) 2.147(5),
Ce(2)–O(8) 2.551(7), Ce(2)–O(9) 2.621(8), Ce(2)–O(11) 2.291(6), Ce(2)–O(12)
2.237(6) ; N1-Ce1-N2 65.4(2), N2-Ce1-N3 62.1(2), N1-Ce1-N3 127.2(2),
Ce1-O11-Ce2 138.3(3), Ce1-O12-Ce2 145.2(3).
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mation in the dimeric structure. The Ce–O(phenoxy) bond
lengths are essentially the same as those in complex 1, but

0.11–0.15 æ shorter than those in complex 2, indicating the for-
mation of a CeIV centre in complex 3. In situ reduction of the

CeIV complex 1 with alcohols and TEMPO, giving the CeIII spe-
cies, as well as O2-induced oxidation of the CeIII species, clearly

indicated that the dinuclear peroxo species 3 was involved in
the catalytic alcohol oxidation.

Although the solution of 3 in acetonitrile was relatively
stable to water and benzyl alcohol at room temperature, 3
reacted with TEMPO-H to produce a brown-colored solution of
hydroxo-bridged cerium complex 4 [Eq. (4)] . In the 1H NMR

spectrum, a singlet at d= 8.68 ppm and two doublets at d =

7.50 and 7.29 ppm with a long-range coupling constant (4JH-H =

2.4 Hz) could be attributed to the imine and aromatic protons,

respectively. ESI-MS analysis of 4 was consistent with the
formation of a bis(hydroxyl)-bridged structure.[11] Accordingly,

the dioxygen activation proceeded through formation of the
peroxo intermediate 3, and subsequent reaction with TEMPO-

H in the reaction medium afforded hydroxo-bridged cerium

complex 4. UV/Vis transition in the course of the reaction
according to Equation (4) clearly indicated consumption of the

peroxo complex 3.[11]

Based on the above findings concerning the reactivity of the
CeIV complex 1 toward the substrate and TEMPO (Figure 4),

and of CeIII complex 2 toward O2 and TEMPO-H [Eq. (4)] , we
propose a catalytic cycle for the alcohol oxidation as shown in

Scheme 1. In the first stage, in the presence of alcohol, CeIV

species 1 is converted to arylmethoxycerium(IV) D with the

generation of HNO3. The cerium species D was detected by

ESI-MS measurement.[11] The related arylmethoxycerium and
-lanthanide complexes are rare, and reported to adopt a homo-

leptic dimer form.[15] The importance of MS4 A is presumably
due to trapping of the in situ generated HNO3 at this stage, as

otherwise protonation of species D by HNO3 would proceed to
regenerate the CeIV complex 1. By reacting with TEMPO, CeIV

species D is reduced to form CeIII complex 2 along with

TEMPO-H and aldehydes, which corresponds to the arylmetha-
nol oxidation in this catalytic cycle. The small negative sp value

in the Hammett analysis is consistent with transition state E, in
which a carbon radical is generated at the benzylic position.

The next step is oxidation of the CeIII complex 2 by O2 to form

side-on m-peroxo dicerium(IV) complex 3, which was clearly
confirmed by the isolation and structural characterization of

such a peroxo species. When isolated CeIII complex 2 was used
as the catalyst with TEMPO-H, the catalytic activity for the alco-

hol oxidation was almost the same as that with complex
1/TEMPO. Complex 3 then reacts with TEMPO-H to produce

the hydroxo-bridged cerium complex 4 along with regenera-

tion of TEMPO. Finally, alcoholysis of 4 by arylmethanol
produces cerium complex D, as also supported by ESI-MS
measurement.[11]

Conclusion

We have demonstrated the synthesis and characterization of
a mononuclear CeIV complex 1 bearing a Schiff-base-type dia-

nionic pentadentate ligand. Complex 1 served as an effective
catalyst for the aerobic oxidation of arylmethanols in the pres-

ence of TEMPO, MS4 A, and O2. We propose a mechanism for
the catalytic reaction based on experimental evidence that the

CeIII complex 2, derived from reduction of 1 with arylmethanol

and TEMPO, reacted with O2 to give side-on m-peroxo diceri-
um(IV) complex 3. In addition, treatment of 3 with TEMPO-H

produced the hydroxo-bridged dinuclear complex 4. The
negative and small 1 value obtained in a Hammett analysis

suggested the transition state E, in which a benzylic carbon
radical is formed during substrate oxidation.

Scheme 1. Proposed catalytic cycle for cerium-catalyzed alcohol oxidation
(L = Schiff-base N3O2 ligand).
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Experimental Section

General : All manipulations involving air- and moisture-sensitive or-
ganometallic compounds were performed under argon using stan-
dard Schlenk techniques or an argon-filled glovebox. Ligand L1
and 2,5-dimethyl-1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene
were prepared according to the literature.[16] (NH4)2Ce(NO3)6 was
purchased from Sigma-Aldrich and used as received. Anhydrous
hexane, toluene, THF, and dichloromethane were purchased from
Kanto Chemical, and were further purified by passage through acti-
vated alumina under positive argon pressure as described by
Grubbs et al.[17] MS4 A was purchased from Nacalai Tesque, dried at
300 8C for 2 days, and then stored inside a glovebox. CD3CN was
distilled over CaH2 and degassed before use. 1H NMR (400 MHz)
and 13C NMR (100 MHz) spectra were measured on Bruker Avance
III-400 spectrometers. Electrochemical measurements were carried
out in a glovebox at room temperature, using a 0.1 m solution of
[nBu4N][PF6] in CH3CN as the supporting electrolyte, an Ag wire as
the reference electrode, and a Pt wire as the counter electrode, at
a scan rate of 100 mV s¢1. Infrared spectra were recorded on
a JASCO FT/IR-230 spectrometer from samples in KBr pellets. Typi-
cally, 32 scans were accumulated for each spectrum (resolution
4 cm¢1). UV/Vis spectra were measured using an Agilent 8453 UV/
Vis spectroscopy system. All melting points were measured for
samples in sealed tubes under argon atmosphere on a Bìchi
M-565 melting point apparatus (1 8C min¢1). Elemental analyses
were determined on a Perkin-Elmer 2400 analyzer at the Faculty of
Engineering Science, Osaka University.

Preparation of CeIV complex 1: A solution of the disodium salt of
ligand L1, {NH(CH2CH2N=CHC6H2-3,5-tBu2-2-ONa)2} (250 mg, 4.31 Õ
10¢1 mmol), in THF (20 mL) was added to a solution of
(NH4)2Ce(NO3)6 (236 mg, 4.30 Õ 10¢1 mmol) in THF (30 mL) via a can-
nula at room temperature under Ar atmosphere. After stirring for
2 h, the reaction mixture had turned blue and a white precipitate
had separated. All volatiles were removed in vacuo, and then the
blue product was extracted with toluene (2 Õ 15 mL). The solvent
was evaporated, and the product was isolated as a blue powder in
76 % yield (254 mg). Single crystals suitable for X-ray diffraction
study were obtained by cooling a saturated solution in toluene/
hexane. The cyclic voltammogram of complex 1 is shown in Fig-
ure S5, which features a reversible CeIV/CeIII wave. M.p. 215 8C
(decomp.) ; 1H NMR (400 MHz, CDCl3, 30 8C): d= 8.61 (s, 2 H; N=CH),
7.59 (s, 2 H; Ar), 7.13 (s, 2 H; Ar), 4.17 (br t, 2 H; CHH), 3.98 (br d, 2 H;
CHH), 3.42–3.52 (br m, 2 H; CHH), 3.19–3.33 (br m, 2 H; CHH), 3.05–
3.16 (br m, 1 H; N-H), 1.50 (s, 18 H; tBu), 1.30 ppm (s, 18 H; tBu);
13C{1H} NMR (100 MHz, CDCl3, 30 8C): d= 167.7 (N=CH), 166.3 (C-O
of Ar), 143.2 (C-C(CH3)3 of Ar), 135.2 (C-C(CH3)3 of Ar), 129.8 (C-H of
Ar), 129.4 (C-H of Ar), 127.3 (C-CH=N of Ar), 62.1 (CH2-N=CH), 50.6
(CH2-CH2-NH), 35.2 (C(CH3)3), 33.9 (C(CH3)3), 31.9 (C(CH3)3), 30.8 ppm
(C(CH3)3) ; IR (KBr): ñ= 3230 (w), 2960 (s), 2868 (m), 1620 (s), 1556
(m), 1512 (vs), 1467 (s), 1436 (s), 1412 (m), 1392 (m), 1362 (w), 1332
(w), 1262 (vs), 1201 (w), 1175 (w), 1100 (m), 1020 (s), 875 (w), 836
(s), 810 (s), 775 (w), 747 (w), 734 (m), 528 (m), 450 cm¢1 (w); UV/Vis
(THF): lmax (e) = 340 (1.19 Õ 104), 594 nm (3.48 Õ 103 dm3 mol¢1 cm¢1) ;
ESI-MS (negative mode) [(C34H51N3O2)(NO3)2Ce]: m/z 797. Despite
several attempts, we were unable to obtain reproducible elemental
analysis data for this complex. The 1H and 13C NMR spectra are
shown in Figure S3.

Preparation of CeIII complex 2 : A solution of 2,5-dimethyl-1,4-
bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (32.0 mg, 1.20 Õ
10¢1 mmol) in toluene (5 mL) was added to a solution of
1 (200 mg, 2.50 Õ 10¢1 mmol) in toluene (5 mL) at room tempera-
ture inside a glovebox. The color of the solution immediately

changed from dark-blue to yellow. The reaction mixture was stirred
for 10 min, and then the solvent was evaporated. The complex was
crystallized from THF containing a few drops of hexane at room
temperature to give yellow crystals of 2 in 49 % yield (100 mg,
0.120 mmol). M.p. 210 8C (decomp.) ; 1H NMR (400 MHz, CD3CN,
30 8C): d= 31.88, 18.52, 11.43, 7.49, 4.37 (s, 18 H; tBu), ¢0.49, ¢4.20
(s, 18 H; tBu), ¢4.48, ¢14.75 ppm; IR (KBr): ñ= 3249 (m), 2955 (s),
1623 (s), 1537 (s), 1412 (s), 1354 (m), 1308 (s), 1201 (m), 1167 (s),
1141 (w), 1068 (m), 1024 (s), 952 (w), 912 (w), 872 (m), 835 (s), 810
(m), 787 (m), 744 (s), 703 (w), 640 (w), 521 (m), 439 cm¢1 (m); UV/
Vis (THF): lmax (e) = 367 nm (1.12 Õ 104 dm3 mol¢1 cm¢1) ; elemental
analysis calcd (%) for C38H59CeN4O6 (808.03): C 56.49, H 7.36, N
6.93; found: C 56.75, H 7.49, N 6.62.

Preparation of complex 3 : Complex 2 (100 mg, 1.24 mmol) was
placed in a pre-dried Schlenk flask inside a glovebox and dry
CH3CN (7.0 mL) was added to prepare a 17.7 mm solution. The
Schlenk flask was removed from the glovebox and the argon
above the solution was replaced by dry oxygen. The color of the
solution immediately changed from yellow to dark-violet. It was
left to stand at room temperature for 8 h, giving nice violet
needle-shaped crystals. The solvent was decanted off to give dark-
violet crystals of 3 in 73 % yield. IR (KBr): ñ= 3254 (w), 2956 (s),
2866 (m), 1627 (s), 1553 (m), 1507 (s), 1435 (s), 1412 (s), 1390 (m),
1360 (m), 1331 (w), 1255 (s), 1201 (m), 1172 (m), 1141 (w), 1068 (w),
1022 (w), 980 (w), 928 (w), 912 (w), 873 (w), 834 (m), 809 (m), 778
(m), 745 (m), 642 (w), 576 (m), 524 cm¢1 (m); UV/Vis (THF): lmax

(e) = 339 nm (1.14 Õ 104), 529 nm (3.37 Õ 103 dm3 mol¢1 cm¢1) ; ele-
mental analysis calcd (%) for C68H102Ce2N8O12 (1502.57): C 54.31, H
6.84, N 7.45; found: C 54.33, H 6.68, N 7.37.

Preparation of hydroxo-bridged CeIV complex 4 : TEMPO-H
(9.8 mg, 3.05 Õ 10¢2 mmol) was added to a solution of complex 2
(50.0 mg, 3.09 Õ 10¢2 mmol) in CH3CN (12.5 mL) under argon. Dioxy-
gen was then bubbled into the solution and the reaction mixture
was left to stand for 3 h. The color changed from yellow to red-
brown as complex 4 was quantitatively formed (see Figures S7 and
S8). It was isolated in 82 % yield. M.p. 249 8C (decomp.) ; 1H NMR
(400 MHz, CD3CN, 30 8C): d= 8.68 (s, 2 H; N=CH), 7.50 (s, 2 H; Ar),
7.29 (s, 2 H; Ar), 4.16–4.08 (br m, 1 H; N-H), 4.00–3.91 (br m, 4 H;
CH2), 3.88–3.80 (br m, 4 H; CH2), 1.37 (s, 18 H; tBu), 1.31 ppm (s,
18 H; tBu); IR (KBr): ñ= 3369 (w), 3280 (w), 3092 (m), 2960 (w), 2604
(w), 2259 (vs), 2115 (w), 1943 (w), 1943 (w), 1883 (w), 1391 (w),
1192 (m), 1101 (m), 1038 (s), 889 (m), 837 (s), 824 (s), 779 (s), 749
(s), 740 (s), 728 (s), 715 (s), 705 (s), 672 (s), 653 cm¢1 (s) ; UV/Vis
(THF): lmax (e) = 329 (1.70 Õ 104), 476 nm (5.63 Õ 103 dm3 mol¢1 cm¢1) ;
ESI-MS (negative mode) [(C34H51N3O2)2(NO3)2Ce2(OH)2(CH3CN)(OH)]¢ :
m/z 1562. Despite several attempts, we were unable to obtain
reproducible elemental analysis data for this complex. Because of
the low solubility of complex 4, no 13C NMR spectral data could be
obtained.

Catalytic alcohol oxidation : The typical procedure for alcohol oxi-
dation was as follows. The requisite alcohol (2.04 Õ 10¢1 mmol),
complex 1 (0.10 Õ 10¢1 mmol, 5 mol %), MS4 A (40 mg), and TEMPO
(0.19 Õ 10¢1 mmol, 10 mol %) were added to a J. Young Schlenk
tube (30 mL) under argon. CH3CN (1 mL) was added by means of
a syringe, and then the argon inside of the tube was replaced by
O2 at atmospheric pressure. After heating the closed reaction
vessel at 85 8C for 28 h, it was allowed to cool to room tempera-
ture and a portion of the reaction mixture was diluted with CD3CN
for 1H NMR spectroscopic analysis. The yield was determined from
the relative intensities of the signals of the product and the start-
ing compound. A typical 1H NMR spectrum is shown in Figure S1.
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Time-dependent UV/Vis spectra

Reduction process : A 0.2 cm UV cell containing 0.39 mm complex
1, 0.79 mm TEMPO, and 7.89 mm 4-methylbenzyl alcohol was
placed in a UV/Vis spectrophotometer. The UV cell was heated at
80 8C for 32 h under argon, and the progress of the reaction was
monitored at intervals of 1 h by UV/Vis spectrophotometry
(Figure 4).

Reaction of complex 2 with dioxygen : A 0.12 mm solution of com-
plex 2 in CH3CN was placed in a 1 cm UV cell fitted with a rubber
septum. O2 gas was bubbled through the solution, maintaining the
temperature at ¢40 8C in the UV/Vis spectrophotometer. The reac-
tion was followed by recording spectra at intervals of 0.3 s
(Figure 6).

X-ray crystallographic analysis

All crystals were handled similarly. The crystals were mounted on
a CryoLoop (Hampton Research Corp.) with a layer of light mineral
oil and placed in a nitrogen stream at 113(1) K. Measurements
were made on a Rigaku R-AXIS RAPID/imaging plate area detector,
a Rigaku AFC7R/Mercury CCD detector, or a Rigaku AFC11/Pilatus
200 K hybrid pixel array detector with graphite-monochromated
MoKa (0.71075 æ) radiation. Crystal data and structure refinement
parameters are listed in Table S2. The structures of complexes 1–3
were solved by direct methods (SHELXS-97).[18] The structures were
refined on F2 by full-matrix least-squares methods using SHELXL-
97.[19] Non-hydrogen atoms were anisotropically refined, except for
one tert-butyl group in complex 3, and H atoms were included in
the refinement in calculated positions, riding on their carrier
atoms. The function minimized was [Sw(Fo

2¢Fc
2)2] (w = 1/[s2(Fo

2) +
(aP)2 + bP]), where P = (Max(Fo

2,0) + 2Fc
2)/3 with s2(Fo

2) from count-
ing statistics. The functions R1 and wR2 were (S j jFo j¢ jFc j j)/S j
Fo j and [Sw(Fo

2¢(Fc
2)2/S(wFo

4))]1/2, respectively. The ORTEP-3 pro-
gram was used to draw the molecules.[20]
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