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Selective activation of hydrocarbon C�H bonds by metals
under mild conditions is an important pursuit in the function-
alization of organic substrates.[1] While such oxidative trans-

COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 16 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0044-8249/02/4116-2991 $ 20.00+.50/0 2991

Experimental Section

DC8,9PC was obtained from Avanti Polar Lipids and used without further
purification. TEOS was obtained from Aldrich and used as received.
Mineralized lipid tubules were prepared in situ as follows. Typically,
DC8,9PC (40 mg) was dissolved in ethanol (2 mL) by sonication (lipid
concentration, 0.044 mm), and TEOS (82.4 mL) was added to give a
TEOS:lipid molar ratio of 8.3:1. A solution (0.38 g) prepared from H2O
(0.8 g) and 48 wt% aqueous HBr (3.0 g) was added to the lipid/TEOS
mixture (final pH 0.5) and a white precipitate formed instantly. The sample
was stirred for 5 min, left sealed overnight, and then centrifuged at
5000 rpm for 10 min and the supernatant decanted. Similar preparations
were undertaken at TEOS:lipid molar ratios between 4:1 and 1:4.
Polydiacetylenic derivatives were prepared by leaving samples of the dried
mineralized lipid tubules for two days under ambient conditions in the
laboratory. Unmineralized lipid tubules were prepared by addition of H2O
(1 mL) to a solution of DC8,9PC (0.0044 mm) in ethanol (1 mL). Lipid
microstructures were also coated externally with silica by addition of TEOS
(82.4 mL) to a suspension (20 mgmL�1) of preformed tubules.

Samples were characterized by TEM (JEOL 1200EX), SEM (JEOL JSM
5600 LV), EDXA (Oxford Instruments, ISIS300), and XRD (Siemens D500
diffractometer, CuKa radiation, l¼ 0.15405 nm). Samples were prepared
either as a suspension in ethanol in a quartz cuvette or evaporated from
ethanol onto a quartz slide for UV/Vis (800±200 nm) and diffuse
reflectance UV/Vis spectroscopy (Perkin Elmer Lambda II with Labsphere
titania mirrors), respectively. FT-IR spectroscopy (Perkin Elmer Spec-
trum 1) was carried out using KBr discs. Raman spectra (Renishaw System
2000) were recorded using a 35 mW HeNe laser at an excitation frequency
of 632.8 nm, and probe size of about 1 mm. TGA (Netzsch TG409EP) was
carried out at a heating rate of 5Kmin�1 from room temperature to 600 8C
in air with a flow rate of 90 mLmin�1. Calcined samples were prepared at
410 8C for 2 h using a heating rate of 3Kmin�1.

Received: February 8, 2002
Revised: July 8, 2002 [Z18671]

[1] a) J. Y. Ying, C. P. Mehnert, M. S. Wong,Angew. Chem. 1999, 111, 58 ±
82;Angew. Chem. Int. Ed. 1999, 38, 56 ± 77; b) F. Schuth, Chem. Mater.
2001, 10, 3184 ± 3195.

[2] a) C. E. Fowler, D. Khushalani, B. Lebeau, S. Mann, Adv. Mater. 2001,
13, 649 ± 652; b) Y. Lu, H. Fan, A. Stump, T. L. Ward, T. Rieker, C. J.
Brinker, Nature 1999, 398, 223 ± 226.

[3] S. S. Kim, W. Zhang, T. J. Pinnavaia, Science 1998, 282, 1302 ± 1303.
[4] a) H.-P. Lin, C.-Y. Mou, Science 1996, 273, 765 ± 768; b) H.-P. Lin, Y.-

R. Cheng, C.-Y. Mou, Chem. Mater. 1998, 10, 581 ± 589.
[5] a) F. Kleitz, F. Marlow, G. D. Stucky, F. Schuth, Chem. Mater. 2001, 13,

3587 ± 3595; b) H.-P. Lin, C.-Y. Mou, S.-B. Liu, Adv. Mater. 2000, 12,
103 ± 106.

[6] a) C. E. Fowler, D. Khushalani, S. Mann, Chem. Commun. 2001,
2028 ± 2029; b) H.-P. Lin, Y.-R. Cheng, C.-Y. Mou, Chem. Mater. 1998,
10, 3772 ± 3776; c) S. Schacht, Q. Huo, I. G. Voigt-Martin, G. D.
Stucky, F. Sch¸th, Science 1996, 273, 768 ± 771.

[7] a) S. Oliver, A. Kuperman, N. Coombs, A. Lough, G. A. Ozin, Nature
1995, 378, 47 ± 50; b) G. A. Ozin, Can. J. Chem. 1999, 77, 2001 ± 2014.

[8] a) Y. Ono, K. Nakashima, M. Sano, J. Hojo, S. Shinkai, Chem. Lett.
1999, 1119 ± 1120; b) Y. Ono, K. Nakashima, M. Sano, J. Hojo, S.
Shinkai, J. Mater. Chem. 2001, 11, 2412 ± 2419; c) J. H. Jung, H.
Kobayashi, M. Masuda, T. Shimizu, S. Shinkai, J. Am. Chem. Soc.
2001, 123, 8785 ± 8789.

[9] a) P. Yager, P. E. Schoen, Mol. Cryst. Liq Cryst. 1984, 106, 371 ± 381;
b) J. M. Schnur, Science 1993, 262, 1669 ± 1676.

[10] S. Baral, P. Schoen, Chem. Mater. 1993, 5, 145 ± 147.
[11] a) J. M. Schnur, R. Price, P. Schoen, P. Yager, J. M. Calvert, J. Georger,

Thin Solid Films 1987, 152, 181 ± 206; b) J. S. Chappel, P. Yager, J.
Mater. Sci. Lett. 1992, 11, 633 ± 636.

[12] S. L. Burkett, S. Mann, Chem. Commun. 1996, 321 ± 322.
[13] M. Goren, Z. Qi, R. B. Lennox, Chem. Mater. 2000, 12, 1222 ± 1228.
[14] M. Caffrey, J. Hogan, A. S. Rudolph, Biochemistry 1991, 30, 2134 ±

2146.
[15] P. E. Schoen, P. Yager, J. Polym. Sci. 1985, 23, 2203 ± 2216.

[16] H. Ringsdorf, B. Schlarb, J. Venzmer, Angew. Chem. 1988, 100, 117 ±
162; Angew. Chem. Int. Ed. Engl. 1988, 27, 113 ± 158.

[17] a) D. F. O©Brien, T. H. Whitesides, R. T. Klingbiel, J. Polym. Sci.
Polym. Lett. Ed. 1981, 19, 95 ± 101; b) P. E. Schoen, P. Yager, R. G.
Priest in Polydiacetylenes: Synthesis, Structure and Electronic Proper-
ties (Eds.: D. B. Bloor, R. R. Chance), Marinus Nijhoff, Dordrecht,
1985, pp. 223 ± 232.

[18] a) G. N. Patel, R. R. Chance, J. D. Witt, J. Chem. Phys. 1979, 70, 4387 ±
4392; b) B. J. Orchard, S. K. Tripathy,Macromolecules 1986, 19, 1844 ±
1850; c) H. Tanaka, M. A. Gomez, A. E. Tonelli, M. Thakur, Macro-
molecules 1989, 22, 1208 ± 1215.

[19] A. D. Bangham, R. C. M. Dawson, Biochem. J. 1959, 72, 486 ± 492.

[*] Prof. A. Llobet, Dr. X. Ribas, R. Xifra
Departament de QuÌmica, Universitat de Girona
Campus de Montilivi, E-17071, Girona (Spain)
Fax: (þ 34)972-41-8150
E-mail: antoni.llobet@udg.es

Dr. B. Hedman, Prof. K. O. Hodgson, D. A. Jackson
Department of Chemistry and
Stanford Synchrotron Radiation Laboratory
Stanford University
Stanford, CA 94305-5080 (USA)
Fax: (þ 1)650-725-0259
E-mail: hedman@slac.stanford.edu, hodgson@ssrl.slac.stanford.edu

Prof. T. D. P. Stack
Department of Chemistry, Stanford University
Stanford, CA 94305-5080 (USA)
Fax: (þ 1)650-725-0259)
E-mail: stack@stanford.edu

Dr. J. MahÌa
Servicios Xerais de Apoio ç InvestigaciÛn
Universidade da CoruÊa
15071 A CoruÊa (Spain)

Dr. B. Donnadieu
Service de Cristallochimie
Laboratoire de Chimie de Coordination, UPR CNRS 8241
Route de Narbonne 205, 31077 Toulouse Cedex 4 (France)

Dr. T. Parella
Departament de QuÌmica, Universitat AutÚnoma de Barcelona
Bellaterra, 08193 Barcelona (Spain)

[**] This research was supported by MICYT of Spain through project
PBQ2000-0548 and with the grant SGR-3102-UG-01 as well as the
Distinction award from from CIRIT Generalitat de Catalunya
(Spain). An FI doctoral grant from CIRIT to X.R. and financial
support from the National Institutes of Health (USA; T.D.P.S. GM-
50730; K.O.H. RR-01209) are also acknowledged. SSRL operations
are funded by the Department of Energy, Basic Energy Sciences, and
the SSRL Structural Molecular Biology Program is supported by the
NIH NCRR BTP and the DOE OBER.



formations are complicated, the fact that the C�H-activation
step often determines the selectivity and the rate of the
reaction provides ample motivation for understanding the
mechanistic details of this step.[2] Assuming the intermediacy
of an initial weak C�H adduct with the metal, two limiting
mechanisms of C�H activation are possible:[3,4] direct hetero-
lytic C�H-bond cleavage (MnþþR�H!Mnþ�RþHþ), which
requires an exogenous base and no change in the formal
oxidation state of the metal atom, and oxidative addition
(MnþþR�H!H�Mnþ2�R), which involves a high-valent
metal±hydrido complex.[2,5,6] Activation of C�H bonds by
first-row transition metals under mild conditions is generally
limited to intramolecular reactions in which the decrease in
entropy can potentially compensate for the weaker M�C
bonds formed with first-row metals relative to heavier
metals.[3,7]

Herein we present three related CuII coordination com-
plexes that activate an aryl C�H bond of a ligand at room
temperature (RT) to form a stable organoaryl±CuIII complex.
Spectral and structural characterization of these CuIII species

are presented along with mechanistic
insight into the activation process.
The triazamacrocyclic ligands used

in this study are presented in
Scheme 1.[9,10] Structurally, these li-
gands are analogous to the tetraaza-
macrocyclic ligands synthesized from
a,a’-2,6-dibromomethylpyridine
rather than a,a’-1,3-dibromomethyl-
benzene, as the latter ligands readily
adopt a square-planar binding con-
formation. Reaction of equimolar
amounts of CuII(ClO4)2¥6H2O with
L2 in CH3CN at RT under anaerobic
conditions resulted in a rapid decay

of the initially formed paramagnetic [CuIIL2]2þ complex to
equimolar amounts of two diamagnetic products (Scheme 2).
One product is consistent with [CuIL2H]2þ, which could be
independently prepared and characterized (1H NMR,

ESI MS). An anaerobic optical titration of the final reaction
mixture with an excess of phenanthroline confirmed an
overall conversion of the initial CuII into CuI of about 50%,
and this suggests a disproportionation of CuII. The second
diamagnetic product selectively crystallizes in about 50%
yield, and is indefinitely stable in protic media (MeOH, H2O)
under aerobic conditions. Analytical data support a 1:1
Cu:ligand complex with two counteranions, 2-(ClO4)2, fully
consistent with a robust, low-spin CuIII complex. However,
CuIII complexes are generally stabilized in square-planar,
anionic coordination environments, a ligation mode not

initially envisioned for L1±L3. The reactions of L1±L3 with
CuII(ClO4)2 or CuII(CF3SO3)2 result in analogous crystalline
products, 1-(ClO4)2±3-(ClO4)2 or 1-(CF3SO3)2±3-(CF3SO3)2,
respectively, in similar overall yields.
Crystallographic characterization of 1-(ClO4)2 and

2-(ClO4)2[11] showed that each copper atom is coordinated
by six ligands, although the two perchlorate anions are only
weakly associated in axial positions (Cu�O ca. 2.4±2.7 ä). An
ORTEP plot of 2 shows the nearly planar coordination
environment provided by the macrocyclic ligand (Figure 1).

The equatorial Cu ligation is composed of three nitrogen
atoms of the triazamacrocycle and one aryl C donor. Activa-
tion of the aryl C�H1 bond (Scheme 1) creates a C ligand and
allows the macrocycle to adopt a square-planar metal-binding
conformation akin to the analogous pyridine-derived tetraa-
zamacrocyclic ligand (see above). The Cu�C distances in 1
and 2 are the shortest in the coordination sphere at 1.848 ä
and 1.905 ä, respectively. The Cu�N bond lengths systemati-
cally vary within each structure; the two benzylic Cu�N
distances in 1 and 2 average 1.90 ä and 1.96 ä, respectively,
and are shorter than the nonbenzylic Cu�N distances of
1.96 ä and 2.03 ä, respectively. The lack of extremely short
Cu±ligand distances and the hexacoordinate ligation, albeit
weak in the axial direction, is unusual for low-spin CuIII

complexes.[12] Regarding the C ligand as an anionic donor,
designation as CuIII is appropriate with two counteranions.[13]

Furthermore, Cu K-edge X-ray absorption spectra[14] of solid
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Scheme 1. Triazama-
crocyclic ligands.

Scheme 2. Disproportionation reaction.

Figure 1. ORTEP plot of 2-(ClO4)2 with 50% probability thermal ellip-
soids, excluding the two perchlorate anions. Selected bond lengths [ä] and
angles [8] of 2-(ClO4)2 (corresponding values of 1-(ClO4)2 in brackets):
Cu1�C1 1.905(3) [1.848(4)], Cu1�N1 1.965(3) [1.899(4)], Cu1�N2
2.031(3) [2.000(8)], Cu1�N3 1.961(3) [1.911(3)]; N1-Cu1-C1 82.9(2)
[84.6(2)], C1-Cu1-N3 82.3(2) [84.4(2)], N1-Cu1-N2 96.9(1) [105.6(2)],
N2-Cu1-N3 97.4(1) [85.1(2)], C1-Cu1-N2 177.6(1) [163.5(2)], N1-Cu1-N3
160.7(2) [169.0(2)], Cu1-O1 2.442(4) [2.428(6)], Cu1-O8 2.736(4)
[2.584(6)].



samples of 1-(ClO4)2±3-(ClO4)2 and 1-(CF3SO3)2 clearly
exhibit an intense pre-edge feature at 8981� 0.5 eV, charac-
teristic of a 1s!3dx2�y2 transition in a low-spin CuIII center.[15]

The spectra also indicate that this transition is sensitive to the
size of the azamacrocycle, but not to the nature of the
coordinating counteranions (Figure 2). The higher energy
pre-edge transition for 1-(ClO4)2 (8981.2 eV) compared to
2-(ClO4)2 (8980.7 eV) correlates with the more compact

equatorial ligation; the average equatorial bond lengths in 1
are about 0.05 ä shorter than in 2. Comparison of 1 with 2
suggests that the difference in the transition energies results
primarily from destabilization of the 3dx2�y2 level of 1 relative
to 2. The more unfavorable CuIII!CuII reduction potential of
1 compared to either 2 or 3 (> 0.250 V)[16] further supports this
notion. A consistent interpretation of this data is that the
more compact ligation afforded by the smaller macrocyclic
ligand in 1 better stabilizes a CuIII center.
The size of the macrocycle and derivatization dramatically

influence the rate of disproportionation of [CuIIL]2þ. Optical
monitoring of the progress of the reaction (300±800 nm)
suggests a complex mechanism for the formation of 1±3.
Starting with a 1:1 CuII :L stoichiometry (L¼L1±L3), the
disappearance of each initially formed [CuIIL]2þ complex
exhibits an induction period followed by an exponential decay
suggestive of an autocatalytic reaction. While a slight excess
of CuII completely inhibits the disproportionation reaction, a
slight excess of ligand (CuII:L 1:1.3) accelerates the reaction
by elimination of the induction period. Under such conditions,
the process is first order in [CuII] from 0.5 to 2.5 mm, and the
observed rate constants for [CuIIL1]2þ and [CuIIL2]2þ of
2.1(1) î 10�2 and 1.9(1) î 10�1 s�1, respectively, clearly show
that the complex of the larger, more flexible L2 ligand reacts
faster.[17] The rate of disproportionation of [CuIIL3]2þ is
comparable to that of [CuIIL2]2þ.
Assuming similar mechanisms for the formation of 1±3, the

rate-determining step (RDS) involves C�H1 bond cleavage; a
large primary kinetic isotope effect (KIE) was measured with

selectively monodeuterated L3.[18] The combined data suggests
that the RDS in the disproportionation reaction is a base-
assisted, heterolytic C�H bond cleavage to give a [CuIIL’]þ
complex, where L’ represents the deprotonated ligand
(Scheme 2). The inhibition of the disportionation reaction
by excess CuII suggests that free ligand can act as the
exogenous base. Subsequent fast electron transfer from
[CuIIL’]þ to another [CuIIL]2þ complex would result in the
observed diamagnetic CuIII and CuI products. The ability of an
amine such as the free ligand to readily deprotonate an aryl
C�H bond in the RDS is potentially explained by an
enhanced sCH±Cu interaction. Such interactions can signifi-
cantly reduce the pKa of an aryl C�H group.[3,19] The
macrocyclic constraints of L1±L3 ligated to CuII through all
three nitrogen atoms requires the aryl C�H1 bond to be in
close, if not intimate, contact with the CuII center.[20]

Deprotonation and formation of a [CuIIL’]þ complex would
then lead to products.[19]

While aryl C�H-insertion chemistry and formation of
stabilized CuIII±aryl complexes in these simple triazamacro-
cyclic ligands is intriguing, their subsequent reactivity with
hydroxide to yield CuII±phenoxoazamacrocyclic complexes is
perhaps more interesting.[21] Most remarkable is that the same
CuII phenoxo products result from exposing the CuI triaza-
macrocyclic complexes to dioxygen, and this reaction pro-
ceeds through an intermediate observed in the CuIII/hydrox-
ide reaction. This oxidative chemistry is reminiscent of the
aromatic hydroxylation performed by tyrosinase, a binuclear
copper enzyme.[22] While the generally accepted enzymatic
mechanism does not involve direct aryl C�H activation by a
CuII center, no current data precludes it. Further studies on
these complexes are necessary to highlight the mechanistic
similarities to or differences from the biological systems.

Experimental Section

The synthesis of 1-(ClO4)2 is representative of all complexes prepared in
this study.

Equimolar amounts of L1 (30 mg, 1.4 î 10�4 mol) and CuII(ClO4)¥6H2O
(51 mg, 1.4 î 10�4 mol) were dissolved in CH3CN (3 mL) under Ar. The
resulting yellow solution was stirred for 30 min and filtered through Celite.
Slow diffusion of diethyl ether into the filtered solution resulted in the
formation of yellow crystals of [CuIIIL1’](ClO4)2 (1-(ClO4)2) in 50% yield of
isolated product (32 mg, 7 î 10�5 mol) after 24 h. The analogous procedure
with CuII(CF3SO3)2 resulted in nearly identical yields of isolated 1-
(CF3SO3)2. X-ray quality crystals of 1-(ClO4)2 and 2-(ClO4)2 were obtained
by recrystallization from CH3CN/diethyl ether.

1-(ClO4)2: ESI-MS (CH3CN): m/z 380 [1-(ClO4)]þ ; UV/Vis (CH3CN):
lmax(e)¼ 273 (6900), 409 nm (280); 1H NMR (500 MHz, CD3CN, 25 8C): d¼
7.28 (t, 1H), 7.03 (d, 1H), 7.01 (d, 1H), 6.85 (m, 1H), 5.96 (m, 1H), 4.65 (d,
1H), 4.60 (m, 2H), 4.51 (d, 1H), 3.48 (dt, 1H), 3.37 (td, 1H), 3.24 (dd, 1H),
3.13 (m, 3H), 2.97 (qd, 1H), 2.75 (q, 1H), 2.17 (m, 1H), 1.65 ppm (m, 1H);
elemental analysis (%) calcd for C13H20N3CuCl2O8: C 32.5, H 4.2, N 8.7;
found: C 32.9, H 4.0, N 8.6.

2-(ClO4)2: ESI-MS (CH3CN): m/z 408 [2-(ClO4)]þ ; UV/Vis (CH3CN):
lmax(e)¼ 291 (7500), 440 nm (sh, 250); 1H NMR (500 MHz, CD3CN, 25 8C):
d¼ 7.27 (t, 1H), 6.95 (d, 2H), 6.33 (m, 2H), 4.67 (d, 2H), 4.52 (d, 2H), 3.24
(m, 2H), 3.08 (m, 2H), 3.05 (m, 2H), 2.73 (s, 3H), 2.65 (dt, 2H), 2.15 (m,
2H), 1.95 ppm (m, 2H); elemental analysis (%) calcd for C15H24N3-
CuCl2O8: C 35.4, H 4.7, N 8.3; found: C 35.7, H 4.4, N 8.4.

3-(ClO4)2: ESI-MS (CH3CN): m/z 394 [3-(ClO4)]þ ; UV/Vis (CH3CN):
lmax(e)¼ 280 (8200), 448 nm (sh, 280); 1H NMR (500 MHz, CD3CN, 25 8C):
d¼ 7.27 (t, 1H), 6.95 (d,2H), 6.12 (m, 2H), 4.61 (dd, 2H), 4.49 (dd, 2H),
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Figure 2. Cu K-edges for CuIII complexes 1-(CF3SO3)2 (––), 1-(ClO4)2
(*±*±), 2-(ClO4)2 (±±±), 3-(ClO4)2 (****), and [CuIII(H�3Aib3)][14] (––).
The amplified inset shows the pre-edge region (1s!3dx2�y2 transition, 8978±
8983 eV). A ¼ normalized absorption, E ¼ energy.



Migration of a Phosphane Ligand between the
Two Metal Centers in Diruthenium Hydrido
Complexes**

Yasuhiro Ohki and Hiroharu Suzuki*

In the coordination sphere of a metal cluster complex, the
substrate can often interact with multiple metal centers
simultaneously. The bridging coordination of hydride or
carbon monoxide is a typical example of such interaction,
and the multiple coordination of the ligand seems to be
closely related to the dynamic behavior and reactivity of the
ligand. Indeed, a carbonyl ligand in a cluster complex often
undergoes intramolecular migration between the metal cen-
ters by way of an intermediary species with the bridging
carbonyl.[1]For a better understanding of the nature of multi-
metallic activation, it is important to elucidate the interaction
between the ligand and the multiple metal centers through the
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3.14 (m, 1H), 3.09 (m, 3H), 2.99 (dq, 2H), 2.63 (dq, 2H), 2.04 (m, 2H), 1.77
(m, 2H); elemental analysis (%) calcd for C14H23N3CuCl2O8: C 33.9, H 4.7,
N 8.5; found: C 34.1, H 4.6, N 8.4.

Received: October 17, 2001
Revised: April 8, 2002 [Z18073]

[1] J. M. Thomas, R. Raja, G. Sankar, R. G. Bell,Acc. Chem. Res. 2001, 34,
191 ± 200.

[2] S. S. Stahl, J. A. Labinger, J. E. Bercaw, Angew. Chem. 1998, 110,
2298 ± 2311; Angew. Chem. Int. Ed. 1998, 37, 2180 ± 2192.

[3] J. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke, Principles and
Applications of Organotransition Metal Chemistry, University Science
Books, Sausalito, 1987, pp. 279 ± 355.

[4] R. H. Crabtree, Chem. Rev. 1995, 95, 987 ± 1007.
[5] a) N. F. Gol©dshleger, V. V. Es©kova, A. E. Shilov, A. A. Shteinman,

Zh. Fiz. Khim. 1972, 46, 785 ± 786; b) A. E. Shilov, G. B. Shul©pin,
Chem. Rev. 1997, 97, 2879 ± 2932.

[6] P. E. M. Siegbahn, R. H. Crabtree, J. Am. Chem. Soc. 1996, 118, 4442 ±
4450.

[7] a) F. Zaera, N. R. Gleason, B. Klingeberg, A. H. Ali, J. Mol. Catal. A:
Chem. 1999, 146, 13 ± 23; b) F. A. Chavez, C. V. Nguyen, M. M.
Olmstead, P. K. Mascharak, Inorg. Chem. 1996, 35, 6282 ± 6291; c) J. P.
Kleiman, M. Dubeck, J. Am. Chem. Soc. 1963, 85, 1544.

[8] A. Bencini, M. I. Burguete, E. Garcia-Espana, S. V. Luis, J. F. Miravet,
C. Soriano, J. Org. Chem. 1993, 58, 4749 ± 4753.

[9] C. Bazzicalupi, A. Bencini, A. Bianchi, V. Fusi, E. Garcia-Espana, P.
Paoletti, P. Paoli, B. Valtancoli, Inorg. Chem. 1993, 32, 4900.

[10] a) V. Felix, J. Costa, R. Delgado, M. G. B. Drew, M. T. Duarte, C.
Resende, J. Chem. Soc. Dalton Trans. 2001, 9, 1462 ± 1471; b) H. A. A.
Omar, P. Moore, N. W. Alcock, J. Chem. Soc. Dalton Trans. 1994, 18,
2631 ± 2635.

[11] Crystal data for 1-(ClO4)2: STOE imaging plate diffraction system
(IPDS) with graphite-monochromated MoKa radiation (l¼
0.71073 ä) equipped with an Oxford cryosystem cooling device
operating at 180(2) K; f scan method. Triclinic, P�11, a¼ 8.0892(8), b¼
8.6971(8), c¼ 13.9751(15) ä, a¼ 90.043(12), b¼ 74.168(12), g¼
67.401(11)8, V¼ 867.07(15) ä3, Z¼ 2, 1calcd¼ 1.841 Mgm�3,
m(MoKa)¼ 1.619mm�1, 3145 independent reflections; 306 parameters;
R¼ 0.0428; wR2¼ 0.1089. Crystal data for 2-(ClO4)2: Bruker CCD
diffractometer, monochromated MoKa radiation (l¼ 0.71073 ä) at
298(2) K. Monoclinic, P(2)1/n, a¼ 8.831(1), b¼ 12.439(1), c¼
18.361(1) ä, b¼ 93.1550(10)8, V¼ 2013.8(2) ä3, Z¼ 4, 1calcd¼
1.672 mgm�3, m(MoKa)¼ 1.399 mm�1, 4980 independent reflections;
267 parameters; R¼ 0.0587; wR2¼ 0.1583. CCDC 172506 and 172507
for 1 and 2, respectively, contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK; fax: (þ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).

[12] a) M. A. Willert-Porada, D. J. Burton, N. C. Baenziger, J. Chem. Soc.
Chem. Commun. 1989, 1633 ± 1634; b) D. Naumann, T. Roy, K. F.
Tebbe, W. Crump, Angew. Chem. 1993, 105, 1555; Angew. Chem. Ed.
Engl. 1993, 32, 1482 ± 1483; c) R. Eujen, B. Hoge, D. J. Brauer, J.
Organomet. Chem. 1996, 519, 7 ± 20; d) H. Furuta, H. Maeda, A.
Osuka, J. Am. Chem. Soc. 2000, 122, 803 ± 807.

[13] An alternative for this complex is a phenyl radical ligand with strong
antiferromagnetic coupling to a CuII center.

[14] J. L. DuBois, P. Mukherjee, T. D. P. Stack, B. Hedman, E. I. Solomon,
K. O. Hodgson, J. Am. Chem. Soc. 2000, 122, 5775 ± 5787.

[15] Cu K-edge spectra were obtained at the Stanford Synchrotron
Radiation Laboratory (SSRL) on unfocused beamline 7-3 with a
Si(220) double-crystal monochromator, detuned 50% at 9868 eV.
Transmission data (3±4 scans) were collected on the solids ground in a
matrix of boron nitride at 10 K. The sample data were internally
calibrated with a Cu foil edge with the first inflection point assigned to
8980.3 eV. A smoothed second-order polynomial, fit to the pre-edge
region, was extrapolated and subtracted from each scan. A spline was
fit and subtracted from the EXAFS region, and the data was
normalized at 9000 eV.

[16] Parameters for the cyclic voltammetric measurements of 1-(ClO4)2±3-
(ClO4)2: scan rate of 100 mVs�1, tetrabutylammonium hexafluoro-
phosphate 0.2 m, CH3CN, RT, potential reported relative to SSCE.
Ferrocene was used as internal reference at E1/2¼ 370 mV. 1-(ClO4)2:
irreversible reduction with a small returning wave, E1/2¼�380 mV,
Epc¼�445 mV, Epa¼�315 mV, DE¼ 130 mV. 2-(ClO4)2: reversible
wave at E1/2¼�105 mV, Epc¼�145 mV, Epa¼�60 mV, DE¼ 85 mV.
3-(ClO4)2: reversible wave at E1/2¼�180 mV, Epc¼�240 mV, Epa¼
�125 mV, DE¼ 120 mV.

[17] At 298 K, [CuIIL1]i¼ 1.25 mm ; [L1]i/[CuII]i¼ 1.28; [CuIIL2]i¼ 1.21 mm,
[L2]i/[CuII]i¼ 1.28.

[18] Regiospecific deuteration of the aryl C�H1 group (Scheme 1) to give
monodeuterated L3 and the kinetic data used to determine the kinetic
isotope effect will be reported elsewhere.

[19] A. Vigalok, O. Uzan, L. J. W. Shimon, Y. Ben-David, J. M. L. Martin,
D. Milstein, J. Am. Chem. Soc. 1998, 120, 12539 ± 12544.

[20] Density functional calculations for a geometry-optimized [CuIIL3]2þ

complex in which all three nitrogen atoms were ligated to the metal
atom indicate a significant elongation of the aryl C�H1 bond
(Scheme 1) and displacement of the C�H1 proton from the aryl plane.
Additionally, the 1H NMR spectrumof the corresponding [CuIL3]þ

complex shows a downfield shift of Dd¼ 0.20 for the aryl proton H1
relative to the free L3 ligand.

[21] Synthesis and full characterization of binuclear bis-phenoxo CuII2
complexes will be reported elsewhere.

[22] E. I. Solomon, U. M. Sundaram, T. E. Machonkin, Chem. Rev. 1996,
96, 2563 ± 2606.

[*] Prof. H. Suzuki, Y. Ohkiþ

Department of Applied Chemistry
Graduate School of Science and Engineering
Tokyo Institute of Technology and
CREST, Japan Science and Technology Corporation (JST)
O-okayama, Meguro-ku, Tokyo 152-8552 (Japan)
Fax: (þ 81)3-5734-3913
E-mail: hiroharu@n.cc.titech.ac.jp

[þ] Present address: Department of Chemistry
Graduate School of Science
Nagoya University

[**] We gratefully acknowledge Professor Masato Oshima (Tokyo Insti-
tute of Polytechnics) for performing the theoretical calculation and
thank Kanto Chemical Co., Inc., for a generous gift of pentamethyl-
cyclopentadiene.

Supporting information for this article is available on theWWWunder
http://www.angewandte.org or from the author.


