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Copper complexes with mononucleating tridentate ligands
of the N−O−N type, including 1,3-bis(benzimidazol-2-yl)-2-
oxapropane (bbmo), 1,3-bis(N-methylbenzimidazol-2-yl)-2-
oxapropane (bbMemo), 1,3-bis(N-n-propylbenzimidazol-2-
yl)-2-oxapropane (bbPrmo), and 1,3-bis(pyrid-2-yl)-2-oxapro-
pane (bpmo), were tested for the oxygenation of phenols.
Mixed ligand copper complexes of [Cu(N−O−N)-
(N−N)](ClO4)2, where N−N denotes 2,2�-bipyridine (bipy),
1,10-phenanthroline (phen), ethylenediamine (en), and/or
N,N,N�,N�-tetramethylethylenediammine (tmen), were pre-
pared and characterized by elemental analyses, and elec-
tronic, vibrational, and epr spectroscopic measurements. The
molecular structures of fac-[Cu(bbMemo)(bipy)(H2O)]-
(ClO4)2(H2O) (1a), fac-[Cu(bbMemo)(phen)](ClO4)2(CH3CN)
(4a), fac-[Cu(bbPrmo)(phen)](ClO4)2 (5a), and fac-[Cu(bpmo)-
(bipy)(ClO4)](ClO4) (7a) were determined by X-ray diffrac-
tion methods. The structures of these complexes are square

Introduction

Tyrosinase and hemocyanins represent type 3 copper pro-
teins that have been extensively characterized.[1�3] Their di-
copper active sites bind dioxygen via the redox process, 2
CuI � O2 � CuII(O2

2�)CuII, to form (µ-η2:η2-peroxo)di-
copper() units.[4] The formation of (µ-η2:η2-peroxo)dicop-
per() cores is likely governed by enclosure by the bulky
protein residues and by the bonding capability of the three-
coordinated imidazoles of the histidine residues to each
copper. These peroxo units may be further involved in O2

activation, via the o-hydroxylation of the phenol of tyrosine
by tyrosinase, or take the reverse process, functioning as O2

carriers in hemocyanins. To date some well-characterized
peroxodicopper() complexes have been reported involving
ligands with heterocycles other than imidazole,[5�8] or even
without heterocycles.[9�14] Although these complexes are
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pyramids or elongated octahedra with the heterocycle nuclei
forming the basal or equatorial planes. The terminal hetero-
cycles of the facially coordinated tridentate ligands are
nearly perpendicular to the basal or equatorial planes. Sim-
ilar structures are proposed for the remaining complexes,
based on spectroscopic data. Both stoichiometric and cata-
lytic oxidation reactions of 2,4-di-tert-butylphenol and 2,4-
di-tert-butylphenolate with dioxygen adducts of
[Cu(bbPrmo)]+ at room temperature afforded 3,3�,5,5�-tetra-
tert-butyl-2,2�-biphenol and 3,5-di-tert-butyl-o-quinone.
Similar reactions with the dioxygen adduct of [Cu(bpmo)]+

yielded only 3,3�,5,5�-tetra-tert-butyl-2,2�-biphenol. In light
of the tyrosinase-like reactivity, the possible intermediates,
[(bbPrmo)2Cu2(µ-η2:η2-peroxo)]2+, [(bbPrmo)2Cu2(µ-oxo)2]2+,
and [(bpmo)2Cu2(µ-oxo)2]2+ are proposed.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

generally not stable at room temperature in contrast to their
biological counterparts, they can be used as models to
mimic the structures and/or functions of the active centers
of the native systems. Among the three classes of synthetic
peroxodicopper() complexes shown in Scheme 1,[15] µ-
η2:η2-peroxodicopper() behaves differently from the other
two and has a nonbasic or electrophilic reactivity.[16�18] De-
pending on the specific ligand, steric bulk, counterion, and
solvent effects, µ-η2:η2-peroxodicopper() complexes have
been shown to be in equilibrium with the isoelectronic
bis(µ-oxo)dicopper() species.[11,19�23] Their substrate reac-
tivities are different. The µ-η2:η2-peroxodicopper() favors
oxygen atom transfer reactions,[18] while the bis(µ-oxo)di-
copper() prefers hydrogen atom abstraction.[24] The oxi-
dation reactions of phenolates with µ-η2:η2-peroxodicop-

Scheme 1. Types of peroxodicopper() species
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per() mainly afford catechols and o-quinones,[25] whereas
similar reactions of phenols with bis(µ-oxo)dicopper()
give rise to biphenols.[26]

In this report we describe the structures and substrate
reactivity of a class of copper complexes coordinated by
mononucleating tridentate ligands of N�O�N type, in-
cluding 1,3-bis(benzimidazol-2-yl)-2-oxapropane (bbmo),
1,3-bis(N-methylbenzimidazol-2-yl)-2-oxapropane (bbMemo),
1,3-bis(N-n-propylbenzimidazol-2-yl)-2-oxapropane (bbPrmo),
and 1,3-bis(pyrid-2-yl)-2-oxapropane (bpmo). The oxi-
dation reactions of 2,4-di-tert-butylphenol and 2,4-di-tert-
butylphenolate with dioxygen in the presence of stoichio-
metric or catalytic amounts of [Cu(bbPrmo)]� or
[Cu(bpmo)]� at room temperature resulted in the genera-
tion of 3,3�,5,5�-tetra-tert-butyl-2,2�-biphenol and/or 3,5-di-
tert-butyl-o-quinone, inferring the formation of bis(µ-ox-
o)dicopper() and/or (µ-η2:η2-peroxo)dicopper() inter-
mediates during the reactions. The purpose of this report is
to elucidate the conformation and coordination properties
of the N�O�N tridentate ligands in order to reveal their
roles in the peroxodicopper()/bis(µ-oxo)dicopper() equi-
librium and substrate reactivity.

Results and Discussion

Synthesis of Complexes

The mixed-ligand complexes, [Cu(bbmo)(LL)]2�, [Cu-
(bbMemo)(LL)]2�, [Cu(bbPrmo)(LL)]2�, and [Cu(bpmo)-
(LL)]2� (LL � phen and/or bipy), were prepared by the
addition of one equivalent of the bidentate ligand, phen or
bipy, to a 1:1 mixture of CuII perchlorate and the tridentate
ligand, bbmo, bbMemo, bbPrmo, or bpmo. Attempts to pre-
pare the 1:1 complexes, [Cu(N�O�N)]2�, by mixing
equivalent amounts of the ligands and copper perchlorate
were unsuccessful. Instead, the 1:2 complexes,
[Cu(N�O�N)2]2�, were isolated. In the case of the en and
tmen complexes, only [Cu(bbPrmo)(en)](ClO4)2 (6) and
[Cu(bpmo)(tmen)](ClO4)2 (9) complexes were isolated in
pure form. As evidenced from X-ray structure results (vide
infra) and spectroscopic studies, the tridentate ligands bond
to the central CuII ion in a facial conformation for all of
the mixed ligand complexes, in agreement with the usual
findings that the strong benzimidazole and pyridine donors
tend to bind at the equatorial positions and the weak ether
oxygen at the axial site for the CuII complexes.

X-ray Structures

fac-[Cu(bbMemo)(bipy)(H2O)](ClO4)2(H2O) (1a),
fac-[Cu(bbMemo)(phen)](ClO4)2(CH3CN) (4a), and
fac-[Cu(bbPrmo)(phen)](ClO4)2 (5a)

The molecular structures of mixed ligand complexes 1a,
4a, and 5a are shown in Figures 1, 2, and 3, respectively.
Selected bond lengths and angles are listed in Table 1. These
complexes are composed of discrete copper complex cat-
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ions, perchlorate anions, and/or solvent molecules. In the
case of complex 1a, the copper cation binds a H2O mol-
ecule at the axial site to complete an elongated octahedron,
with the copper slightly above the equatorial plane, inclined
toward the H2O. The deviations from the best equatorial
plane of CuN4 are Cu(1) �0.1709 Å, N(1) �0.1320 Å, N(2)
�0.0499 Å, N(3) �0.1298 Å, and N(5) �0.0411 Å. The
structures of the complex cations of 4a and 5a are square
pyramidal [τ � 0.162 (4a); τ � 0.017 (5a)], because the per-
chlorate ions are too far away from the central copper ions.
The deviations from the best basal plane of CuN4 are Cu(1)
�0.0467 Å, N(1) �0.0358 Å, N(2) �0.0136 Å, N(3)
�0.0351 Å, and N(5) �0.0106 Å for 4a, Cu(1) �0.0101 Å,
N(1) �0.0087 Å, N(2) �0.0039 Å, N(3) �0.0084 Å, and
N(5) �0.0032 Å for 5a. The complex cations contain a fa-
cial bbMemo or bbPrmo, with an elongated axial Cu�O of
2.570(4) Å for 1a, 2.520(3) Å for 4a, and 2.527(4) Å for 5a.
The fact that these axial Cu�O distances are significantly
shorter than the corresponding axial Cu�N of 2.597(6) Å
for the trans-fac-[Cu(bbmn)2](ClO4)2(H2O)2 complex[27]

(bbmn � 1,3-bis(benzimidazol-2-yl)-2-azapropane) is unex-
pected. The mean Cu�N distances and the intraligand �

N�Cu�N angles of the tridentate ligands are 1.984�0.004
Å and 91.6(2)° for 1a, 1.981�0.004 Å and 89.8(1)° for 4a,
and 1.995�0.006 Å and 88.1(2)° for 5a. The mean bite
angles of the five-member chelates of the tridentate ligands
are 73.3�0.3° for 1a, 75.6�0.2° for 4a, and 75.6�0.2° for
5a. The benzimidazole nuclei of these complexes lie nearly
perpendicular to the CuN4 basal or equatorial plane, with
dihedral angles of 94.6° and 111.7° for 1a, 89.4° and 105.9°
for 4a, and 86.5° and 93.5° for 5a. All these geometric fig-
ures are analogous to those reported for trans-fac-
[Cu(bbmn)2](ClO4)2(H2O)2

[27] (mean Cu�N of
2.010�0.008 Å; intraligand �N�Cu�N of 88.1°; mean
bite angle of the five-member chelates �N�Cu�N of
74.9�0.4°), suggesting that the coordination capabilities of

Figure 1. ORTEP diagram of fac-[Cu(bbMemo)(bipy)(H2O)]-
(ClO4)2(H2O) (1a); perchlorates, H2O, and hydrogen atoms have
been omitted for clarity
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the tridentate ligands of these mixed ligand complexes are
similar.

Figure 2. ORTEP diagram of fac-[Cu(bbMemo)(phen)]-
(ClO4)2(CH3CN) (4a); perchlorates, CH3CN, and hydrogen atoms
have been omitted for clarity

Figure 3. ORTEP diagram of fac-[Cu(bbPrmo)(phen)](ClO4)2 (5a);
perchlorates and hydrogen atoms have been omitted for clarity

It is interesting to note that the mean Cu�N bond
lengths of 2.010�0.016 Å and the bite angles of 81.3�0.5°
for the diimine ligands of these three complexes are also
very similar, indicative of similar bonding abilities of the
diimine ligands. Although the thermal vibrations are some-
what large for some oxygen atoms of the perchlorates, the
bond lengths and angles of these complexes are in the nor-
mal ranges.[27�29] The largest difference peaks of 1.108 for
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Table 1. Selected bond lengths (Å) and angles (°) for complexes 1a,
4a, 5a, and 7a

fac-[Cu(bbMemo)(bipy)(H2O)](ClO4)2(H2O) (1a)

Cu(1)�N(1) 2.022(4) Cu(1)�N(2) 2.013(4)
Cu(1)�N(3) 2.000(4) Cu(1)�N(5) 1.989(4)
Cu(1)�O(1) 2.527(4) Cu(1)�O(2) 2.368(4)
N(1)�Cu(1)�N(2) 80.8(2) N(1)�Cu(1)�N(3) 162.3(2)
N(1)�Cu(1)�N(5) 94.7(2) N(2)�Cu(1)�N(3) 94.3(2)
N(2)�Cu(1)�N(5) 172.0(2) N(3)�Cu(1)�N(5) 88.1(2)
N(1)�Cu(1)�O(1) 88.0(2) N(2)�Cu(1)�O(1) 97.7(2)
N(3)�Cu(1)�O(1) 75.8(2) N(5)�Cu(1)�O(1) 75.4(2)
N(1)�Cu(1)�O(2) 91.4(2) N(2)�Cu(1)�O(2) 86.5(2)
N(3)�Cu(1)�O(2) 105.3(2) N(5)�Cu(1)�O(2) 100.3(2)
O(1)�Cu(1)�O(2) 175.5(2)

fac-[Cu(bbMemo)(phen)](ClO4)2(CH3CN) (4a)

Cu(1)�N(1) 2.020(4) Cu(1)�N(2) 2.006(3)
Cu(1)�N(3) 1.979(3) Cu(1)�N(5) 2.000(3)
Cu(1)�O(1) 2.529(3)
N(1)�Cu(1)�N(2) 81.8(2) N(1)�Cu(1)�N(3) 173.0(1)
N(1)�Cu(1)�N(5) 93.0(1) N(2)�Cu(1)�N(3) 93.9(2)
N(2)�Cu(1)�N(5) 167.7(1) N(3)�Cu(1)�N(5) 92.2(2)
N(1)�Cu(1)�O(1) 111.7(1) N(2)�Cu(1)�O(1) 97.4(1)
N(3)�Cu(1)�O(1) 74.3(1) N(5)�Cu(1)�O(1) 74.0(2)

fac-[Cu(bbPrmo)(phen)](ClO4)2 (5a)

Cu(1)�N(1) 2.016(4) Cu(1)�N(2) 2.005(4)
Cu(1)�N(3) 1.980(4) Cu(1)�N(5) 1.987(4)
Cu(1)�O(1) 2.570(4)
N(1)�Cu(1)�N(2) 81.4(2) N(1)�Cu(1)�N(3) 173.3(2)
N(1)�Cu(1)�N(5) 93.2(2) N(2)�Cu(1)�N(3) 93.7(2)
N(2)�Cu(1)�N(5) 174.3(2) N(3)�Cu(1)�N(5) 91.6(2)
N(1)�Cu(1)�O(1) 112.5(2) N(2)�Cu(1)�O(1) 110.7(2)
N(3)�Cu(1)�O(1) 73.5(2) N(5)�Cu(1)�O(1) 73.0(2)

fac-[Cu(bpmo)(bipy)(ClO4)](ClO4) (7a)

Cu(1)�N(1) 2.031(4) Cu(1)�N(2) 2.028(4)
Cu(1)�N(3) 2.003(4) Cu(1)�N(4) 1.994(4)
Cu(1)�O(1) 2.323(4) Cu(1)�O(2) 2.417(4)
N(1)�Cu(1)�N(2) 85.8(2) N(1)�Cu(1)�N(3) 174.3(2)
N(1)�Cu(1)�N(4) 97.0(2) N(2)�Cu(1)�N(3) 95.0(2)
N(2)�Cu(1)�N(4) 172.5(2) N(3)�Cu(1)�N(4) 81.6(2)
N(1)�Cu(1)�O(1) 79.3(2) N(2)�Cu(1)�O(1) 79.0(2)
N(3)�Cu(1)�O(1) 95.3(2) N(4)�Cu(1)�O(1) 94.6(2)
N(1)�Cu(1)�O(2) 89.7(2) N(2)�Cu(1)�O(2) 98.1(2)
N(3)�Cu(1)�O(2) 95.8(2) N(4)�Cu(1)�O(2) 89.0(2)
O(1)�Cu(1)�O(2) 168.8(2)

1a and 1.281 for 5a appear near the Cl(1) atom for 1a and
Cl(2) for 5a, respectively.

fac-[Cu(bpmo)(bipy)(ClO4)](ClO4) (7a)

The molecular structure of 7a is shown in Figure 4. Selec-
ted bond lengths and angles are listed in Table 1. The dis-
crete elongated octahedral copper() complex cation com-
prises a facial bpmo, an equatorial bipy, and a perchlorate
anion at the axial site. The deviations from the best equa-
torial plane of CuN4 are Cu(1) �0.088 Å, N(1) �0.012 Å,
N(2) �0.033 Å, N(3) �0.010 Å, and N(4) �0.033 Å. The
facial bpmo has a mean Cu�N distance of 2.030�0.002 Å,
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Figure 4. ORTEP diagram of fac-[Cu(bpmo)(bipy)(ClO4)](ClO4)
(7a); one perchlorate and hydrogen atoms have been omitted for
clarity

which is slightly longer than that of complex 1a of
1.984�0.004 Å. However, the axial Cu�O of 2.323(4) Å of
the bpmo is shorter than that of complex 1a of 2.570(4) Å.
It is likely that the bonding ability of the pyridine nucleus
in bpmo is weaker than that of the benzimidazole nucleus.

Table 2. EPR spectroscopic data for bbmo, bbPrmo, bbMemo, and
bpmo CuII complexes[a]

g� g� A�(Cu) A�(Cu) A�(N) A�(N�)[b]

[Cu(bbPrmo)(en)](ClO4)2 (6)
2.232 (2.052 2.013)[c] 197 Powder
2.269 2.086 184 17 17 16 dmf glass
[Cu(bpmo)(tmen)](ClO4)2 (9)
2.216 2.066 Powder
2.259 2.082 182 17 17 14 dmf glass
[Cu(bbMemo)(bipy)](ClO4)2 (1)
2.214 2.060 190 Powder
2.289 2.084 184 17 17 16 dmf glass
[Cu(bbPrmo)(bipy)](ClO4)2(H2O) (2)
2.260 (2.073 2.008)[c] Powder
2.286 2.084 184 17 17 16 dmf glass
[Cu(bbmo)(bipy)](ClO4)2(CH3CN)0.5 (3)
2.249 (2.166 2.067)[c] 181 Powder
2.288 2.085 184 17 17 14 dmf glass
[Cu(bpmo)(bipy)](ClO4)2(H2O)0.5 (7)

[d] 2.070 Powder
2.277 2.085 182 18 17 14 dmf glass
[Cu(bbMemo)(phen)](ClO4)2(H2O)3 (4)
2.230 2.057 174 Powder
2.293 2.086 184 17 17 16 dmf glass
[Cu(bbPrmo)(phen)](ClO4)2(H2O)2 (5)
2.251 (2.073 2.008)[c] 166 Powder
2.291 2.085 184 17 17 15 dmf glass
[Cu(bpmo)(phen)](ClO4)2(H2O)0.5 (8)
2.233 2.066 185 Powder
2.279 2.084 183 17 17 15 dmf glass

[a] X-band EPR spectra measured at room temperature for powder
samples, and at 77 K for glass. Hyperfine coupling constants in
10�4 cm�1. [b] N� denotes the second nitrogen. [c] Rhombic powder
spestrum with gy and gx. [d] Not observed.
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The pyridine nuclei of the bpmo lie nearly perpendicular to
the CuN4 equatorial plane, with dihedral angles of 89.6°
and 92.9°. A comparison of the mean Cu�N bond lengths
of bipy of 1.999�0.005 Å for 7a with that of 2.010�0.016
Å for complex 1a suggests that the bonding capability of
the bipy is nearly equal in these two complexes. The bond
lengths and angles of complex 7a are in the normal ranges.

Spectroscopic Studies

Selected i.r. data are listed in the Experimental section.
In the 3500 cm�1 region, broad O�H stretching absorption
peaks appear for some of the complexes, suggesting the
presence of H2O. Two characteristic N�H stretching peaks
at 3345 and 3283 cm�1 indicate the en ligand in (6). There
are some characteristic vibration absorptions for the hetero-
cycle nuclei including the C�N and C�C stretching at
ca.1600 to 1480 cm�1, aromatic C�H bending at ca. 740
cm�1, and ring deformation at ca. 430 cm�1. It is generally
useful to account for the coordination of the perchlorate by
counting the number of very strong ν(Cl�O) at ca. 1100
cm�1. However, care must be exercised in elucidating the
complexes with N�O�N tridentate ligands, because of the
interference by the strong ν(C�O) peaks in the same re-
gion. For some complexes, the Cu�N stretching peaks in
the ca. 300 cm�1 region are tentatively assigned.

Table 2 lists e.p.r. spectroscopic data of the compounds.
The powder e.p.r. spectra of the axial or axial rhombic types
of these complexes are consistent with square pyramidal
and tetragonal structures and indicative of a dx2�y2 or dxy

ground state.[30�31] For the glass spectra in dmf, CH3OH/
CH3CN, or CH3CN matrices, characteristic superhyperfine
splittings were observed for all of the complexes. The gz

values are larger in dmf glass than in CH3OH/CH3CN or
CH3CN matrices, while the reverse is true for the Az values.
It is likely that the coordination of the axial ether oxygen
of the tridentate ligand is replaced by the dmf molecule,
consistent with the UV/Vis spectroscopic data (vide infra),
and that the basal or equatorial plane is also slightly dis-
torted toward a tetrahedron.[32]

Electronic spectroscopic data for the tridentate com-
plexes are shown in Table 3. The reflectance LF spectra of
the mixed-ligand complexes exhibit similar envelopes with
a main peak at ca. 524 nm to ca. 710 nm and a pronounced
shoulder or small peak on the low energy side of ca. 900 nm
extending to ca. 1200 nm. In CH3OH/CH3CN or CH3CN
solution, these complexes show a peak at ca. 560 nm to ca.
610 nm with a shoulder at ca. 900 nm extending to
1200 nm, suggesting that the structures of the dissolved
complexes are either square pyramidal or tetragonal, as are
their solid counter species. The LF band maxima suggest
that the bonding strengths of the N-donor ligands are con-
sistent with their σ-donating capabilities, namely, amines
are stronger than imines. However, it is noteworthy that the
d-d bands (reflectance and acetonitrile solution) appear in
general at higher energy region for bpmo complexes than
the corresponding bbRmo (R � Pr, Me, and H) complexes.
Because pyridine and benzimidazole have comparable ba-
sicities, the differences in the ligand field spectra are attribu-
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Table 3. Electronic spectroscopic data for bbmo, bbPrmo, bbMemo, and bpmo CuII complexes

Compd. Intraligand λmax (ε � 103), nm[a] CT λmax (ε), nm[a] LF λmax (ε), nm[a]

6/rflx. 570, 800 sh 1100 sh
6/MeOH[b] 252 (20.0), 257 (19.5), 273 (17.5), 279 (17.4), 285 sh (13.5) 337 (360) 570 (79)
6/dmf 273 (16.9), 279 (17.7), 287 (14.4) 322 sh (970) 586 (75)
9/rflx. 524, 623 sh
9/MeCN 259 (12.5) 300 sh (5700) 560 (76), 800 sh (16)
9/dmf 658 (87)
1/rflx. 638, 1100
1/MeCN[c] 244 (30.5), 274 (19.8), 281 (19.3), 302 (16.5), 312 (15.0) 363 sh (450) 605 (77), 950 (20)
1/dmf 275 (46.7), 288 (28.8), 300 sh (20) 640 (80), 950 sh (15)
2/rflx. 668 1100 sh
2/MeOH[b] 247 (32.8), 274 (25.0), 280 (24.7), 301 (17.8), 311 (16.0) 362 sh (530) 609 (78), 845 (24)
2/dmf 282 sh (29.2), 287 (29.8), 300 sh (21.5), 312 sh (17.3) 640 (87), 850 (31)
3/rflx. 670 1100
3/MeCN 240 (27.6), 273 (18.2), 280 (17.0), 302 (13.8), 312 (12.6) 364 sh (540) 600 (84), 987 sh (20)
3/dmf 623 (98)
7/rflx. 628
7/MeCN 231 sh (22.5), 256 (23.1), 273 sh (15.1), 301 (12.5), 312 (10.7) 605 (54), 850 sh (15)
7/dmf 300 (11.1), 312 (9.20) 382 sh (280) 645 (58), 900 sh (20)
4/rflx. 558, 630, 800 sh
4/MeCN[c] 235 sh (35.4), 250 sh (25.6), 273 (47.0), 295 sh (10.6) 368 sh (540) 605 (80), 900 sh (28)
4/dmf 282 (30.7), 288 (30.1), 300 sh 313 (11300), 417 (747) 663 (97), 950 sh (30)
5/rflx. 710 1100 sh
5/MeOH[b] 204 (132), 230 sh (48.6), 273 (61.3), 297 sh (14.6) 362 sh (550) 607 (75), 845 sh (14)
5/dmf 274 (54.5), 287 sh (32.5), 294 sh (18.2) 405 sh (410) 637 (83), 845 sh (25)
8/rflx. 633
8/MeCN 205 (47.3), 226 (40.5), 258 sh (36.5), 268 (36.9), 295 sh (9.93) 611 (53), 850 sh (14)
8/dmf 271 (36.0), 296 sh (10.9) 382 sh (292) 651 (57), 965 sh (14)
L1/MeOH 247 (13.5), 252 sh (13.3), 270 sh (12.1), 275 (15.8), 282 (14.5)
L1/EtOH[d] 252 (13.8), 272 (17.0), 282 (15.1)
L2/MeOH 253 sh (13.8), 258 (14.6), 272 sh (12.9), 278 (14.6), 287 (12.5)
L3/MeOH 258 (17.4), 272 sh (14.9), 278 (16.3), 286 (13.4)
L4/MeCN 256 sh (13.4), 260 (13.9), 266 sh (11.2)

[a] ε in �1cm�1. [b] MeOH/MeCN � 2:1. [c] Contains 10% MeOH. [d] Ref.[42]

table to the π-interactions between the copper dπ orbitals
and the π orbitals of the heterocycles of the tridentate li-
gands.

The intraligand transitions for the N�O�N tridentate
ligands are assigned in the ca. 245 nm to ca. 290 nm region.
There are essentially no shifts of the π�π* transition peaks
of the tridentate ligands for the en and tmen complexes as
compared with those of the corresponding free ligand mol-
ecules. Despite some interference due to the diimine ligands,
blue shifts of the π�π* transition peaks of the tridentate
ligands were observed for the mixed-ligand bipy complexes,
indicative of π interactions involved in the coordination
bonds between the central copper and the heterocycles of
the tridentate ligands.

While dissolving these complexes in dmf, the blue solu-
tion gradually turned green. The LF bands at ca. 600 nm
were red-shifted by ca. 30 nm to ca. 40 nm, but not the low
energy peak or shoulder. New CT bands were observed in
the 300 nm region. These spectral changes indicate that the
central ether oxygen atoms of the tridentate ligands are re-
placed by the dmf molecules, in agreement with the e.p.r.
data (vide supra).

Oxidation of Phenols or Phenolates

The results of stoichiometric and catalytic oxidation reac-
tions of DBP and phenolates, DBP�NEt3, are summarized
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in Table 4. It is obvious that the N�O�N tridentate ligands
are indispensable for the oxidation reactions, since no oxid-
ized products were observed for the reactions of DBP with
[Cu(CH3CN)4]� (entries 5 and 10).

In the stoichiometric reactions, both TBBP (3,3�,5,5�-
tetra-tert-butyl-2,2�-biphenol) and DBQ (3,5-di-tert-butyl-
o-quinone) were produced in nearly equal amounts for the
reactions of DBP, and DBP�NEt3 as well, with
Cu(bbPrmo)�O2 adduct in CH2Cl2 at 25 °C (entries 1 and
2). Although mechanistic studies[16�18] have indicated that
the aromatic ligand hydroxylation involves an electrophilic
attack on the arene ring by (µ-η2:η2-peroxo)dicopper() in-
termediate, most of the reported studies on the intermolec-
ular oxidations of DBP with peroxo intermediate report
TBBP as a major product.[15,23,33�35] Our results with high
DBQ generation are in reasonably good agreement with the
mechanistic studies, inferring the formation of (µ-η2:η2-per-
oxo)dicopper() and bis(µ-oxo)dicopper() intermediates
supported by bbPrmo during the reactions. The reactions of
DBP, and also DBP-NEt3, with the Cu(bpmo)-O2 adduct
in CH2Cl2 at 25 °C (entries 3 and 4), however, generate only
TBBP, implying the presence of a bis(µ-oxo)dicopper() in-
termediate. These reactions can also be carried out under
catalytic conditions (entries 6�9). The catalytic reactions
require a much longer reaction time (3 to 14 days), due to
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Table 4. Oxidation reactions of DBP with O2 in the presence of
CuI(N�O�N) complexes[a]

Entry[a] N�O�N/substrate[b] TBBP[c] DBQ[d] DBP[e]

(%) (%) (%)

I. Stoichiometric reactions[f]

1 bbprmo/DBP 45 42 10
2 bbprmo/DBP-NEt3 43 44 10
3 bpmo/DBP 43 0 47
4 bpmo/DBP-NEt3 10 0 59
5 [Cu(MeCN)4]�/DBP 0 0 75
II. Catalytic reactions[g]

6 bbprmo/DBP[h] 68 6 20
7 bbprmo/DBP-NEt3

[h] 55 0 9
8 bpmo/DBP[i] 56 0 37
9 bpmo/DBP-NEt3

[i] 37 0 59
10 [Cu(MeCN)4]�/DBP[i] trace 0 [j]

[a] The dioxygen adducts for the stoichiometric reactions were pre-
pared by the reaction of O2 with a solution of equimolar CuI and
N�O�N at room temperature for 24 h. [b] DBP � 2,4-di-tert-bu-
tylphenol. DBP�NEt3 � DBP/NEt3 (1:1). [c] Isolated yield.
TBBP � 3,3�,5,5�-tetra-tert-butyl-2,2�-biphenol. [d] Isolated yield.
DBQ � 3,5-di-tert-butyl-o-quinone. [e] Recovered DBP. [f] Molar
ratio of Substrate/Cu(N�O�N) � 1:1. The reactions were carried
out in CH2Cl2 at 25 °C for 24 h. [g] Molar ratio of Substrate/
Cu(N�O�N) � 1:0.01. The reactions were carried out in CH2Cl2
at 25 °C. [h] 14 days. [i] 3 days. [j] Not measured.

the small amount (one hundredth) of the copper catalyst
employed, and the turn over numbers are in the order of
103.

The oxygenation reactions of phenolates to catechols by
[(µ-η2:η2-O2)Cu2(L-66)][36�39] {L-66 � α,α�-bis{bis[2-(1-
methyl-2-benzimidazolyl)ethyl]amino}-m-xylene} and by
[(µ-η2:η2-O2)Cu2(LPy2Bz)2][40] {LPy2Bz � N,N-bis[2-(2-pyrid-
yl)ethyl]-α,α-dideuteriobenzylamine} have been demon-
strated. The oxidation of 4MP-Li (lithium 4-methylphenol-
ate) with Cu(bbPrmo)�O2 adduct afforded 3,5-di-tert-butyl-
1,2-catechol in 37% isolated yield further assuring that the
adduct is mainly (µ-η2:η2-peroxo)dicopper(). It is note-
worthy that the copper complex with the mononucleating
ligand, L-6 {N,N-bis[2-(1-methyl-2-benzimidazolyl)-
ethyl]amine},[37] is inactive in the monooxygenase reaction.
The reactivity with respect to oxygenation can be attributed
to the conformations of the coordinated tridentate ligands.
The L-6 ligand tends to coordinate to copper() in a meri-
dional fashion, while N�O�N ligands, bbRmo and bpmo,
should assume a facial conformation. Accordingly, it would
be proper for [Cu(N�O�N)]� to accommodate a side-on
O2, but not [Cu(L-6)]�.

Conclusion

The oxygenation reactions of DBP (2,4-di-tert-butylphe-
nol) and DBP�NEt3 (2,4-di-tert-butylphenolate) with the
Cu(bbPrmo)�O2 adduct give rise to the production of
DBTQ (3,5-di-tert-butyl-o-quinone). The same reaction of
4MP-Li (lithium 4-methylphenolate) produces 4-methyl-
1,2-catechol. These tyrosinase-like reactions infer strongly
the presence of µ-η2:η2-peroxodicopper() intermediate
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supported by bbPrmo. The intermediate coordinated by
bbPrmo having a facial conformation is likely stabilized by
π-interactions of the two perpendicularly oriented terminal
benzimidazole nuclei, and tends to become stable at room
temperature. Further investigation on π-interactions is cur-
rently in progress.

Experimental Section

General Remarks: Electronic spectra were recorded on a Hitachi
U-3501 spectrophotometer equipped with an integrating sphere for
reflectance measurements. IR spectra were recorded as Nujol mulls
on a BIO-RAD FTS-40 FTIR spectrometer and a JASCO FT/IR
700 spectrometer. Nuclear magnetic resonance (NMR) spectra
were recorded with Varian Gemini 2000 (200 MHz) and Bruker
AV-400 (400 MHz) spectrometers. EPR spectra were obtained by
using a Bruker EMX 10 spectrometer. The EPR simulations were
performed using WINEPR SimFonia program. Mass spectra were
acquired on a Finnigan TSQ 700 spectrometer. Elemental analyses
were carried out by the microanalysis laboratories of National
Chung-Hsin University, Taichung, Taiwan.

Preparation of Ligands

bbmo (L1):[41] Diglycolic acid (6.05 g, 45 mmol) and o-phenylenedi-
amine (9.75 g, 90 mmol) in 4  HCl solution (250 mL) were re-
fluxed for 14 h. After cooling to room temperature, the precipitates
were filtered and then dissolved in hot H2O. The aqueous solution
was neutralized with conc. NH4OH. The precipitates were filtered
and dissolved in CH3OH and treated with activated carbon to af-
ford white products. Yield 72%. mp, 280 °C. MS (EI): m/z � 279
[M � 1] (100). 1H NMR (200 MHz [D6]DMSO): δ � 4.87 (s, 4 H,
CH2), 7.23�7.17 (m, 4 H, benzimidazolyl-5,6-H), 7.59�7.54 (m, 4
H, benzimidazolyl-4,7-H) ppm. {1H NMR, ([D6]DMSO): δ � 4.95
(s, 4 H), 7.3 (m, 4 H), 7.7 (m, 4 H) ppm[42]}; {1H NMR (CD3OD):
δ � 4.95 (s, 4 H), 7.15 (m, 4 H), 7.7 (m, 4 H) ppm[41]}. IR (cm�1):
ν(C�C, C�N) 1623 mw, 1587 mw, 1533 mw, 1465 s, ν(C�O) 1102
s, 1039 m, δ(CH, bim) 768 m, 748 s, δ(bim) 434 mw.

bbMemo (L2): This compound was prepared similarly as bbmo but
using N-methyl-o-phenylenediamine. Yield 65%. mp, 174 °C. MS
(FAB�): m/z � 307 [M � 1] (40). 1H NMR (400 MHz, CDCl3):
δ � 3.81 (s, 6 H, CH3), 4.93 (s, 4 H, CH2), 7.34�7.28 (m, 4 H,
benzimidazolyl-5,6-H), 7.77�7.75 (m, 4 H, benzimidazolyl-4,7-H)
ppm. IR (cm�1): ν(C�C, C�N) 1615 mw, 1506 w, 1475 s, ν(C�O)
1081 s, 1021 m, δ(CH, bim) 771 ms, 756 s, 747 s, δ(bim) 411 w.

bbPrmo (L3):[43] Powdered KOH (1.40 g, 25 mmol) was added to a
stirred suspension of 1,3-bis(benzimidazol-2-yl)-2-oxapropane
(1.39 g, 5 mmol) in acetone (10 mL). After 20 min, iodopropane
(1.70 g, 10 mmol) of was added to the white cloudy reaction mix-
ture. After stirring at room temperature for 2 h, the orange reaction
mixture was transferred to a separating funnel containing benzene
(100 mL). The organic layer was washed with water (1 � 20 mL)
and saturated sodium chloride solution (20 mL) and was dried with
MgSO4 (5 g). The filtered organic solution was rotary evaporated
and then added with diethyl ether to give white precipitates. Yield
70%. Mp, 79 °C. MS (FAB�): m/z � 363 [M � 1] (100). 1H NMR
(400 MHz, [D6]DMSO): δ � 0.79 (t, J � 7 Hz, 3 H, CH3), 1.69 (h,
J � 7 Hz, 2 H, CH2), 4.20 (t, J � 7 Hz, 2 H, CH2), 4.87 (s, 4 H,
CH2), 7.22�7.17 (m, 4 H, benzimidazolyl-5,6-H), 7.59�7.54 (m, 4
H, benzimidazolyl-4,7-H) ppm. IR (cm�1): ν(C�C, C�N) 1667 s,
1614 s, 1515 ms, ν(C�O) 1089 s, 1007 s, δ(CH, bim) 743 s, δ(bim)
434 mw.
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bpmo (L4):[44] 2-(Hydroxymethyl)pyridine (2.89 g, 25.9 mmol) was
added to a solution of NaH (60%, 2.10 g, 52.5 mmol) in DMF
(75 mL). The solution was stirred at 40 °C for 2 h and then cooled
to room temperature. 2-(Bromomethyl)pyridine hydrobromide
(6.48 g, 25.6 mmol) was added to a DMF solution (50 mL) of NaH
(60%, 1.35 g, 33.7 mmol), and stirred at room temperature for 2 h.
The solutions were mixed, heated at 70 °C for 2 h, and then
quenched by adding H2O (10 mL). Both H2O and DMF were re-
moved by vacuum distillation. The residue was dissolved in H2O
(100 mL) and extracted with diethyl ether (2 � 100 mL). The or-
ganic extract was rotary evaporated to give yellow products. Yield
22%. MS (FAB�): m/z � 201.06 [M � 1] (100). 1H NMR
(400 MHz, CDCl3): δ � 4.81 (s, 4 H, CH2), 7.22 (t, J � 7 Hz, 2 H,
pyridyl-4-H), 7.55 (d, J � 8 Hz, 2 H, pyridyl-3-H), 7.74 (t, J �

7 Hz, 2 H, pyridyl-5-H), 8.58 (d, J � 4 Hz, 2 H, pyridyl-6-H) ppm.
IR (cm�1): ν(C�C, C�N) 1634 m, 1591 s, ν(C�O) 1117 s, δ(CH,
py) 755 s, δ(py) 425 mw.

Preparation of Complexes

[Cu(bbMemo)(bipy)](ClO4)2 (1): To a stirred CH3OH solution
(5 mL) of Cu(ClO4)2·6H2O (741 mg, 2 mmol), a solution of
bbMemo (612 mg, 2 mmol) in CH3OH (10 mL) was added. After
reaction at room temperature for 2 h, a solution of bipy (313 mg,
2 mmol) in CH3OH (10 mL) was added dropwise to the cloudy
green solution and the reaction solution was stirred for another
2 h. The blue products were filtered and dried under vacuum. Yield
90%. M.p. 246 °C (dec.); found C 46.71, H 3.37, N 11.20.
C28H26Cl2CuN6O9: calcd. C 46.39, H 3.61, N 11.59%. IR (cm�1):
ν(C�C, C�N) 1605 m, 1508 s, 1500 s, ν(ClO4

�) 1094 vs br., 623
s, ν(C�O) 1048 s, 1033 s, δ(CH, bipy) 784 ms, δ(CH, bim) 772 ms,
763 ms, 753 ms, δ(bim) 432 w, ν(Cu�N) 345 w, 304 mw, 282 mw.
The purple crystals, fac-[Cu(bbMemo)(bipy)(H2O)](ClO4)2(H2O)
(1a), suitable for X-ray diffraction were obtained by slow diffusion
of diethyl ether to a dmf solution.

[Cu(bbPrmo)(bipy)](ClO4)2(H2O) (2): This blue complex was pre-
pared similarly as the previous complex but using bbPrmo and was
recrystallized from CH3CN and diethyl ether. Yield 42%. M.p. 240
°C (dec.); found C 48.05, H 4.22, N 10.80. C32H36Cl2CuN6O10:
calcd. C 48.10, H 4.54, N 10.52%. IR (cm�1): ν(O�H) 3562 m br.,
ν(C�C, C�N) 1610 s, 1605 s, 1567 m, 1503 s, 1495 s, ν(ClO4

�)
1081 vs br., 623 s, δ(CH, bipy) 767 s br., δ(CH, bim) 730 s, δ(bim)
438 w, δ(bipy) 415w.

[Cu(bbmo)(bipy)](ClO4)2(CH3CN)0.5 (3): This blue complex was
prepared similarly as the previous complex but using bbmo and
was recrystallized from CH3CN/CH3OH (1:1) and diethyl ether.
Yield 81%. M.p. 234 °C (dec.); found C 45.08, H 3.15, N 12.60.
C27H23.5Cl2CuN6.5O9: calcd. C 45.19, H 3.28, N 12.69% IR (cm�1):
ν(N�H) 3274 m br., ν(C�C, C�N) 1612 m, 1603 m, 1540 w, 1498
m, ν(ClO4

�) 1093 vs br., 622 s, δ(CH, bipy) 770 ms, δ(CH, bim)
752 s, 743 s, δ(bim) 431 w, ν(Cu�N) 330 w, 304 w, 292 mw, 282 mw.

[Cu(bbMemo)(phen)](ClO4)2(H2O)3 (4): This blue complex was pre-
pared similarly as the previous complex but using bbMemo and
phen. Yield 90%. M.p. 232 °C (dec.); found C 45.17, H 3.87, N
10.42. C30H32Cl2CuN6O12: calcd. C 44.87, H 4.01, N 10.46%. IR
(cm�1): ν(OH) 3625w br, 3400w br, ν(C�C, C�N) 1610 mw, 1591
mw, 1542 mw, 1508 m, ν(ClO4

�) 1091 vs br., 624 s, ν(C�O) 1044
m sh, 1012 mw, δ(CH, phen) 852 ms, δ(CH, bim) 757 s, 750 ms,
745 ms, δ(bim) 432 mw, ν(Cu�N) 341 mw, 312 mw, 282 mw. The
blue crystals, fac-[Cu(bbMemo)(phen)](ClO4)2(CH3CN) (4a), suit-
able for X-ray diffraction were obtained by slow diffusion of diethyl
ether to an acetonitrile solution.
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[Cu(bbPrmo)(phen)](ClO4)2(H2O)2 (5): This green complex was pre-
pared similarly as the previous complex but using bbPrmo. Yield
51%. M.p. 242 °C (dec.); found C 48.33, H 4.16, N 10.35.
C34H38Cl2CuN6O11: calcd. C 48.55, H 4.55, N 9.99%. IR (cm�1):
ν(OH) 3564 w br., ν(C�C, C�N) 1610 mw. 1590 mw. 1521 m. 1495
s, ν(ClO4

�) 1101 vs br., 623 s, ν(C�O) 1040 m sh. 1005 mw, δ(CH,
phen) 850 ms, δ(CH, bim) 763 s. 740 m. 720 s, δ(bim) 437 mw. The
purple crystals, fac-[Cu(bbPrmo)(phen)](ClO4)2 (5a), suitable for X-
ray diffraction were obtained by slow diffusion of diethyl ether to
a dmf solution.

[Cu(bbPrmo)(en)](ClO4)2 (6): This purple complex was prepared
similarly as the previous complex but using bbPrmo and en. Yield
55%. M.p. 226 °C (dec.); found C 42.04, H 5.02, N 11.95.
C24H34Cl2CuN6O9: calcd. C 42.08, H 5.00, N 12.27%. IR (cm�1):
ν(NH) 3345 ms, 3283 ms, ν(C�C, C�N) 1611 m, 1594 s, 1503 s,
1496 s, ν(ClO4

�) 1107 vs br., 626 s, ν(C�O) 1035 s sh, 1050 s,
δ(CH, bim) 800 m, 765 s, 705 m, δ(bim) 435 mw.

[Cu(bpmo)(bipy)](ClO4)2(H2O)0.5 (7): This blue complex was pre-
pared similarly as the previous complex but using bpmo and bipy.
Yield 75%. M.p. 206 °C (dec.); found C 41.76, H 2.99, N 8.96.
C22H21Cl2CuN4O9.5 calcd. C 42.09, H 3.37, N 8.92%. IR (cm�1):
ν(OH) 3442 ms br., ν(C�C, C�N) 1606 s, 1573 m, ν(ClO4

�) 1098
vs br., 623 s, ν(C�O) 1030 s, 985 m, δ(CH, bipy) 775 s, δ(CH, py)
765 s sh, 730 s, δ(py) 420 mw. The blue crystals, fac-[Cu(bpmo)(bi-
py)(ClO4)](ClO4) (7a), suitable for X-ray diffraction were obtained
by slow diffusion of diethyl ether to an acetonitrile solution.

[Cu(bpmo)(phen)](ClO4)2(H2O)0.5 (8): This blue complex was pre-
pared similarly as the previous complex but using bpmo and phen.
Yield 74%. M.p. 201 °C (dec.); found C 44.11, H 3.34, N 8.25.
C24H21Cl2CuN4O9.5 calcd. C 44.22, H 3.24, N 8.59%. IR (cm�1):
ν(OH) 3600 w br., 3445 w br., ν(C�C, C�N) 1633 m, 1608 ms,
1586 m, 1520 ms, ν(ClO4

�) 1092 vs br., 623 s, ν(C�O) 1052 m,
1008 w, δ(CH, phen) 853 ms, δ(CH, py) 782 m, 762 ms, δ(py) 434
mw.

[Cu(bpmo)(tmen)](ClO4)2 (9): This purple complex was prepared
similarly as the previous complex but using bpmo and tmen. Yield
38%. M.p. 78 °C; found C 37.70, H 5.03, N 10.13. C18H28Cl2CuN4-
O9Cl2: calcd. C 37.35, H 4.84, N 9.68%. IR (cm�1): ν(C�C, C�

N) 1609 m, 1573 w, ν(ClO4
�) 1093 vs br., 623 s, ν(C�O) 1164 m,

δ(CH, py) 770 s, δ(py) 424 w.

Oxidation of Phenol or Phenolate with Peroxodicopper(II) and/or
Bis(µ-oxo)dicopper(III): The µ-η2:η2-peroxodicopper() and/or
bis(µ-oxo)dicopper() intermediates were generated by the reac-
tion of [Cu(CH3CN)4](ClO4) (185 mg, 0.56 mmol) and tridentate
ligand (0.56 mmol) in CH2Cl2/CH3CN (8:2, 10 mL) with O2 at
room temperature overnight. After removal of excess O2 by bub-
bling N2 gas into the solution for 15 min, a solution of DBP
(117 mg, 0.56 mmol) with or without NEt3 (0.56 mmol) in CH2Cl2
(5 mL) was added into the solution by cannulation. The mixture
was stirred under N2 at room temperature for 24 h. After evapo-
ration of the solvent, the residue formed was columned on silica
gel (ethyl acetate/hexane, 1:8), affording 3,3�,5,5�-tetra-tert-butyl-
2,2�-biphenol, 3,5-di-tert-butyl-o-quinone, and the starting 2,4-di-
tert-butylphenol. The oxygenation of 4MP-Li (lithium 4-methyl-
phenolate) was carried out similarly in acetone, yielding 4-methyl-
catechol.[40]

Catalytic Oxidation of 2,4-Di-tert-butylphenol (DBP) or 2,4-Di-tert-
butylphenolate (DBP-NEt3) in the Presence of Copper(I) Complexes
of bbPrmo or bpmo: A CH2Cl2 solution (10 mL) of 2,4-di-tert-bu-
tylphenol (1.65 g, 7.98 mmol) with or without NEt3 (7.98 mmol)
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Table 5. Crystallographic data for 1a, 4a, 5a, and 7a

1a 4a 5a 7a

Emprical formula C28H30Cl2CuN6O11 C32H29Cl2CuN7O9 C34H34Cl2CuN6O9 C22H20Cl2CuN4O9

Molecular mass 761.02 790.06 805.11 618.87
Crystal system monoclinic triclinic triclinic triclinic
Space group P21/c P1̄ P1̄ P1̄
a (Å) 15.5495(7) 10.1156(5) 10.2008(14) 8.8186(1)
b (Å) 10.1854(4) 11.6347(6) 11.7156(15) 10.6142(2)
c (Å) 20.5931(9) 16.9338(9) 16.628(2) 15.0084(4)
α [°] 90 78.495(1) 72.383(2) 88.644(1)
β [°] 101.532(1) 76.100(1) 77.804(2) 75.102(1)
γ [°] 90 64.906(1) 70.921(2) 67.897(2)
V (Å3) 3195.7(2) 1741.19(16) 1776.0(4) 1243.63(4)
Z 4 2 2 2
F(000) 1564 810 830 630
Dcalcd. [Mg·m�1] 1.582 1.507 1.506 1.640
µ(Mo-Kα) [mm�1] 0.920 0.844 0.829 1.14
Crystal size [mm] 0.10 � 0.08 � 0.05 0.40 � 0.25 � 0.20 0.25 � 0.18 � 0.10 0.40 � 0.35 � 0.15
Diffractometer Siemens SMART CCD Siemens SMART CCD Siemens SMART CCD Bruker Kappa CCD
θ range [°] 1.34�28.32 1.94�28.29 1.90�28.29 27.52
Tmax, Tmin 0.98078, 0.83846 0.95739, 0.80920 0.96645, 0.85317 0.746, 0.682
hkl range �20 � h � 20, �13 � h � 13, �13 � h � 13, �10 � h � 11,

�13 � k � 13, �15 � k � 15, �15 � k � 15, �13 � k � 13,
�27 � l � 23 �22 � l � 22 �21 � l � 22 �19 � l � 19

No. of reflns. measd. 20477 18424 18936 12335
No. of unique reflns. 7763 8233 8415 5915
No. of reflns. obsd. 3514(I � 2σ) 5172(I � 2σ) 3868(I � 2σ) 4564(I � 3σ)
Rint 0.0658 0.0411 0.0623 0.036
No. of param./restraints 427/0 460/0 469/0 344/0
R, Rw 0.0649, 0.1765 0.0743, 0.1919 0.0754, 0.1764 0.047, 0.090
Max./min. ∆ρ [e·Å�3] 1.281/-0.830 0.914/-0.488 1.108/-0.337 0.48/-0.54
Goodness-of-fit 0.928 1.023 0.930 1.155

was added to a mixture of [Cu(CH3CN)4](ClO4) (26.1 mg,
0.0798 mmol) and tridentate ligand (0.0798 mmol) in CH2Cl2/
CH3CN (8:2, 10 mL) under N2. The reaction solution was stirred
under an O2 atmosphere at room temperature and was monitored
by checking the UV/Vis absorption in the region of 300 nm to
800 nm. After the absorption peaks stopped growing, the reaction
mixture was worked up as described above, yielding 3,3�,5,5�-tetra-
tert-butyl-2,2�-biphenol, and/or 3,5-di-tert-butyl-o-quinone.

X-ray Crystallographic Study: Details of crystal data and intensity
collection are summarized in Table 5, using Siemens Smart-CCD
or Bruker�Kappa CCD diffractometers. Intensity data [θ/2θ scan]
were collected at ca. 298 K and corrected for Lorentz and polariz-
ation effects and absorption. The structures were solved by direct
methods using the SIR92 for (7a) and SHELXS-97 for the rest.
The hydrogen atoms included in the refinement were located in
succeeding difference Fourier syntheses or with ideal positions after
the non-hydrogen atoms were refined anisotropically. CCDC-
217573 to -217576 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (internat.) � 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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