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Spectroscopic and kinetic studies of the reaction of [Cu'(6-PhTPA)]* with O,

Michael P. Jensen,” Emily L. Que,” Xiaopeng Shan,* Elena Rybak-Akimova*? and Lawrence Que, Jr.**

Received 6th March 2006, Accepted 7th April 2006
First published as an Advance Article on the web 24th April 2006
DOI: 10.1039/b603285k

Oxygenation of [Cu'(6-PhTPA)](SbF,) in acetone at —90 °C produces a short-lived Cu',(u-O),
intermediate that exhibits an oxygen-isotope-sensitive v, o mode at 599 cm™' and an overtone at

1192 cm™'. The formation of this intermediate is very fast and is second-order in copper(1) complex,
implying that two copper-containing species interact in the rate-limiting step or in pre-equilibrium steps
prior to the rate determining step. The decay of this intermediate was facile even at —90 °C but did not
afford any arene hydroxylation product. Interestingly, the effect of introducing a 6-phenyl substituent
on the TPA ligand framework differs from that of a 6-methyl substituent, providing access to a
bis(u-oxo)dicopper(111) intermediate in the former and a (u-1,2-peroxo)dicopper(in) species in the latter.

Introduction

The reactions of synthetic Cu'(L) complexes with O, have been
vigorously explored as models for copper oxygenases,'? leading
to the trapping of a variety of copper—dioxygen adducts at
low temperatures (Scheme 1). Prototypical examples include an
end-on bound (u-1,2-peroxo)dicopper(i1) complex,® a side-on (u-
n:P-peroxo)dicopper(i1) complex,* and a bis(u-oxo)dicopper(iir)
complex.®* Which adduct is observed depends on the nature of the
supporting ligand and/or reaction conditions (i.e. solvent). In gen-
eral, tetradentate ligands favor (u-1,2-peroxo)dicopper(ir) adducts,
facial tridentate ligands favor (u-1f:m’-peroxo)dicopper(il) com-
plexes, and bidentate ligands favor bis(u-oxo)dicopper(iil) com-
plexes. In some cases, rapid interconversion between the two forms
is observed.*¢
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One structural feature that controls the (u-peroxo)dicopper(1r)/
bis(u-oxo)dicopper(ii) equilibrium is the steric bulk of the sup-
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porting ligands. This is particularly well illustrated by copper com-
plexes of the tris(2-pyridylmethyl)amine (TPA) family of ligands.
While complexes of the parent TPA ligand and its 4-substituted
derivatives invariably produce (u-1,2-peroxo)dicopper(1) species
upon oxygenation,*’ the more sterically hindered copper(1) com-
plex [Cu(6-Me, TPA)]* gives rise to a crystallographically charac-
terized bis(u-oxo)dicopper(ii) complex.® This structure shows the
significant lengthening of the axial Cu-N bonds that arise from
the two 6-methylpyridine ligands, making 6-Me, TPA effectively
almost a bidentate ligand. Interestingly, when only a single 6-
methyl substituent is introduced on one pyridine arm of TPA,
the steric hindrance appears not to be significant enough to
promote formation of a bis(u-oxo)dicopper(iir) species, and a
u-1,2-peroxo intermediate was observed instead upon exposure
of [Cu(6-MeTPA)]* to dioxygen.*® We now demonstrate that
replacing the 6-methyl group with a larger phenyl group allows
for exclusive formation of a dicopper(111) species from a copper(1)
complex with the singly substituted 6-PhTPA ligand.

Experimental

General experimental protocols were described previously, includ-
ing the syntheses of [Cu(NCCH,;),](SbF,)"" and the 6-Ph-TPA
and 6-Ph-d;-TPA ligands.” The 6-Ph-TPA-d, ligand was obtained
following the procedure of Szajna et al.®® Solutions of copper(1)
salts and complexes were handled under inert atmosphere in a
glove box. Acetone was refluxed over KMnO,, dried over activated
4 A sieves, and distilled before use.

Preparation of [Cu'(6-PhTPA)|(SbF,)- THF (1-SbF,)

THF solutions (4 mL) of 6-PhTPA (159 mg, 0.43 mmol) and
[Cu(NCCH;),](SbF¢) (201 mg, 0.43 mmol) were separately pre-
pared under N,. The ligand solution was added dropwise to the
copper(1) salt solution, and the resulting bright yellow solution was
carefully layered with 12 mL hexane. Yellow crystals formed on
standing for 48 h. The mother-liquor was decanted and the crystals
were washed with hexane and dried to constant mass. Yield 278 mg
(0.37 mmol, 87%). Anal. Calc. (Found) for C,sH;,CuF;N,OSb: C,
45.58 (46.06); H, 4.10 (4.13); F, 15.45 (15.32); N, 7.59 (7.71) %.
"H NMR (ds-acetone, 293 K, J in ppm): 8.53 (2H, a); 8.47 (2H,
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0); 8.03 (1H, v); 7.90 (3H, B’ and vy); 7.81 (2H, m); 7.71 (1 H,
p); 7.52 (3H, B’ and B remote from «); 7.45 (2H, B); 4.44 (2H);
4.38 (4H).

X-Ray crystal structure determination for
[Cu'(6-PhTPA)],(PF),-2THF (1-PF)

The sample was prepared starting from [Cu(NCCH,;),](PF;) and
6-PhTPA as described for the corresponding SbF, salt above. A
suitable crystal (dimensions 0.36 x 0.18 x 0.08 mm) was placed
on a glass capillary. Data was collected on a Bruker SMART
diffractometer at 173(2) K using graphite-monochromated Mo-
Ko radiation. Absorption corrections were performed using the
SADABS program.’* The SAINT program was used to integrate
the intensity data.’ The structure was solved by direct methods
using SHELXS-86 and refined using SHELXL-97." All non-
hydrogen atoms were refined anisotropically except those of one
PF;~ ion and both THF molecules. All hydrogen atoms were
placed in ideal positions and refined as riding atoms except for
those on the disordered THF molecules. These were excluded from
the refinement but included in the calculation of global parameters.
The data collection is summarized in Table 1.

CCDC reference number 258073.

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b603285k

Stopped-flow kinetic measurements

These experiments were performed using a Hi-Tech Scientific (Sal-
isbury, Wiltshire, UK) SF-43 multi-mixing anaerobic cryogenic
stopped-flow instrument combined with either a monochromator
or a diode array rapid scanning unit. Saturated solutions of O,
in acetone were prepared by bubbling the dry O, gas for 15 min
through argon-saturated acetone in a gas-tight syringe at room
temperature. The solutions of a copper(l) complex and O, were
cooled to a preset temperature in the stopped-flow instrument
before mixing. For the kinetic experiments, dioxygen was always
taken in large excess so that its concentration does not change
significantly during the reaction. Data analysis was performed
with the IS-2 Rapid Kinetics Software (Hi-Tech Scientific) for
kinetic traces at a single wavelength, or with the Specfit program

Table1l Summary of the X-ray data collection for [Cu'(6-
PhTPA)],(PF,),-2THF (1-PF,)

Formula CssHssCu, F ;N O, P,

M, 1289.10

Crystal system Triclinic

Space group P1

Z 2

a/A 10.731(3)

b/A 11.893(3)

c/A 23.132(6)

al/® 93.038(4)

pr° 100.387(4)

y/° 102.307(4)

v/A 2824.2(13)

T/K 173(2)

A(Mo-Ka)/A 0.71073

R1 (I >20(1)) 0.0621

wR2 (I > 2a6(I)) 0.1552

(BioLogic Science Instruments, Grenoble, France) for global
fitting of the spectral changes acquired in a diode-array mode.
The details of similar stopped-flow experiments were described
elsewhere."”

Results and discussion

Our interest in bio-inspired, metal-catalyzed arene hydroxylation
led us to investigate the coordination chemistry of the 6-PhTPA
ligand, previously reported by Canary.”® The iron(i1) complex of
6-PhTPA reacts with oxidants to form an oxoiron(1v) intermediate
that affords hydroxylation of the phenyl ring."? The corresponding
copper(1) complex salts [Cu'(6-PhTPA)|(EF,)-THF (E = P, Sb)
complexes, designated 1-PF, and 1-SbF, were obtained as yellow
crystals in good yields. X-Ray crystallography revealed a dimeric
structure for 1-PFg, with one of the two pyridylmethyl arms of
the tetradentate 6-PhTPA ligand bridged to the second copper(1)
cation (Fig. 1). This bridging mode has been proposed for
other copper(l) complexes of tetradentate tripodal ligands’ and
established for [Cu',(BPIA),](OTf)," and copper(1) complexes of
some scorpionate ligands.?**

Fig. 1 ORTEP plot of the dimeric complex dication of 1-PF,. El-
lipsoids are drawn at 50% probability level for clarity. Coordination
bond lengths (A): Cul-N1 2.264(4), Cul-N2 2.048(5), Cul-N4 2.196(4),
Cul-N33 1.966(4), Cu2-N31 2.233(4), Cu2-N32 2.037(5), Cu2-N34
2.240(4), Cu2-N3 1.958(4). Bottom right: ChemDraw representation of
the structure.

In contrast, solution-phase "H NMR spectra of 1-SbF, in d,-
acetone recorded at room temperature were indicative of mirror
plane symmetry, consistent with dissociation to a monomeric
structure. Although the compound was indefinitely stable in
this solution under inert atmosphere, exposure to O, at room
temperature resulted in immediate conversion to a pale blue
solution of a simple tetragonal copper(11) complex, as judged by
the appearance of typical ligand field bands above 600 nm.** In
contrast, oxygenation in acetone at —65 to —90 °C resulted in
rapid development of a bright yellow color, coincident with the
appearance of a metastable chromophore with 4., at 378 nm
(Fig. 2). These spectral changes are characteristic of the formation
of an intermediate with a bis(u-oxo)dicopper(1ir) core.!

Formulation of the intermediate obtained from [Cu(6-PhTPA)]*
and O, as a bis(u-oxo)dicopper(11) complex is supported by
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Fig. 2 Spectral changes observed upon mixing of acetone solutions of
[Cu(6-PhTPA)]* with excess oxygen in the stopped-flow spectrophotome-
ter at —65 °C: formation of 3. Concentrations of solution: [Cu(6-PhTPA)]*,
0.25 mM; O,, 4 mM. Green: spectrum of [Cu(6-PhTPA)]*; brown:
spectrum of the reaction mixture immediately after mixing (within ca.
2 ms mixing time); red: accumulation of 3 over 1 s. Inset: single-wavelength
registration (at 380 nm) of the formation of 3 overlayed with a second-order
fit.

resonance-Raman data obtained from a frozen aliquot of reaction
solution using 406.7-nm excitation. The obtained spectrum was
dominated by an intense resonance-enhanced mode at 599 cm™!
that shifted to 573 cm~! when *O, was used to generate the sample
(Fig. 3), consistent with assignment to a v(Cu-O) mode. Use of
50% "®O-enriched O, gas as mixed isotopomers produced a third
band at 592 cm™'. These spectral features are associated with the
formation of a Cu™,(u-O), core.** Similar Raman spectra were
reported for complexes of related 6-substituted TPA ligands 6-
Me,-TPA and 6-Me;-TPA .2
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Fig. 3 Resonance-Raman spectra of oxygenated 1-SbF, recorded using
406.7-nm radiation: (a) with '*Q,, (b) with *0,, (c) with 25% '*O,, 50%
OO and 25% "0,. Acetone peaks are labeled ‘s’.

Further scrutiny of the Raman spectrum of the intermediate
derived from 1 reveals a second, less strongly enhanced band at
1192 cm™" (Fig. 3). The fact that this frequency is nearly double

that of the intense 599 cm™' mode and exhibits an '*O downshift
of 52 cm™' supports its assignment as the overtone of the v(Cu-—
0) mode. Despite the wealth of vibrational information available
on copper—dioxygen adducts,®** the only other report of such
an overtone feature has been made by Stack, Solomon and co-
workers on a complex with the N,N’-dimethyl-N,N’-diethyl-trans-
1,2-diaminocyclohexane ligand.”® The Raman data thus establish
that 1 reacts with O, to form an intermediate with a Cu™,(u-O),
core.

The reaction between complex 1 and dioxygen in acetone
was monitored by stopped-flow spectrophotometry at low tem-
peratures (from —80 to —50 °C). Spectral changes observed in
the stopped-flow experiments agreed well with UV-Vis spectral
changes recorded at —90 °C by conventional benchtop spec-
trophotometry. Immediately upon mixing of 1 with O,, an intense
absorption band with /,,,, = 378 nm began to grow (Fig. 2), which
corresponds to the bis(u-oxo)dicopper(1n) intermediate 3. The
reaction proved to be very fast; formation of 3 was complete in ca.
0.1 sunder most of the reaction conditions used in our experiments
(0.25 mM solutions of 1, 1-4 mM solutions of O, after mixing in
the stopped-flow cell). Only one observable kinetic step was found
on a millisecond to second time scale (Fig. 2, inset), and there was
no apparent accumulation of a (p-peroxo)dicopper(ir) species that
may be evidenced by distinctive absorption features in the 500-
600-nm region like those observed for (u-1,2-peroxo)dicopper(ir)
TPA complexes.®>” If a peroxo species is formed in this reaction,
its concentration must be very low, presumably due to its rapid
conversion into dicopper(1n) intermediate 3. Another putative
intermediate in the oxygenation of 1, a superoxo complex 2, would
be expected to have an absorption spectrum with A, ~ 420 nm.”*
While such an absorption band of the superoxo intermediate
would be well separated from features of a dicopper(i1) peroxo
complexes, thus allowing for an unambiguous registration of the
superoxo species for a series of 4-substituted TPA ligands, it
would overlap significantly with the absorption band of bis(u-
oxo)dicopper(1i1) complex 3 that forms in our system. It is
therefore difficult to observe the superoxo intermediate (e.g., 2) in
our stopped-flow spectrophotometric experiments. Additionally,
formation of the copper(ir)-superoxo species from Cu(1) and O,
in non-coordinating solvents was previously reported to be very
fast, exceeding the stopped-flow timescale in Cu'-TPA systems
(k=1.5 x 10* M~! s7! for Cu(TPA) in THF determined by flash
photolysis).? However, the first spectrum observed immediately
after mixing acetone solutions of 1 and O, (mixing time: ca. 2 ms)
is different from the spectrum of the starting complex 1 and is also
different from the extrapolation of the spectrum of 3 to time 0 (or
to 2 ms). This observation suggests that a superoxo intermediate
may indeed be rapidly accumulated in the first pre-equilibrium step
of oxygen binding to 1; however, the rapid absorption change may
also reflect other pre-equilibrium processes at low temperature.
Clearly, additional experiments at temperatures below —80 °C
would be required to unambiguously detect the superoxo complex.

The observed kinetic step for oxygenation of 1, resulting in
the formation of 3, is second-order in copper(1) complex (Fig. 2,
inset). This conclusion follows from the following experimental
observations: (i) under a large excess of oxygen (at least 10-
fold with respect to complex 1), the kinetic traces cannot be
fit to a single-exponential equation typical of a process with
first-order dependence on 1, but can be fit nearly perfectly to
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a second-order rate law; (ii) the observed reaction rates depend
on the concentration of 1, while second-order rate constants
do not. The second order dependence on 1 implies that two
copper-containing species interact in the rate-limiting step or
in pre-equilibrium steps prior to the rate determining step. For
example, a similar second-order dependence in copper(1) complex
has been reported for the formation of (u-1,2-peroxo)dicopper(ir)
intermediates from copper(l) complexes of TPA-type ligands’
and of bis(u-oxo)dicopper(1n) intermediates from copper(1) com-
plexes with derivatives of di(pyridylethyl)amine.”” This was inter-
preted in terms of a rate-limiting interaction between a rapidly
formed copper(11)-superoxo intermediate and a second molecule
of Cu(1)L, followed by a rapid conversion of the unobserved
(u-peroxo)dicopper(il) complex intermediate into the product
bis(u-oxo)dicopper(il) species. An alternative interpretation is
also possible, involving dimerization of the copper(l) complex
prior to its reaction with O,, followed by another bimolecular
reaction to form a tetranuclear copper(ir)-peroxo intermediate,
which eventually yields a dinuclear copper(11) peroxo species.” This
rather complicated reaction scheme was established by Karlin,
Zuberbiihler and co-workers for the oxygenation of copper(1)
complexes with 4-substituted TPA in acetone.” Although it was
possible to determine all individual kinetic parameters for the 4-
‘Bu;TPA, a series of related complexes gave rise to an even more
complicated oxygenation, where experimental data could not be
easily explained by a particular kinetic model.” Unfortunately, we
were also unable to completely model oxygenation kinetics of 1,
or determine individual rate constants and activation parameters.
A multistep mechanism for this reaction is confirmed by the
unusual negative activation energy observed for the second-order
oxygenation of 1 (E, = —4.6 kcal mol™!, Fig. 4). This observation
requires that an unobserved exothermic pre-equilibrium step
precedes the observed formation of 3. A similar negative activation
energy was reported by Karlin and co-workers in their study
of the oxygenation of the copper(l) complex of N-methylated
di(aminopropyl)amine.?
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Fig. 4 Arrhenius plots for the reactions of second-order formation of 3
and first-order decay of 3, measured under concentration conditions listed
in Fig. 2.

Complex 3 is surprisingly unstable, decomposing within 20
minutes at —90 °C, in contrast to the 6-Me,TPA intermediate,
which was stable enough to be crystallized.® The decomposition

kinetics of 3 showed a clean, first-order process, characterized
by a positive activation energy of 6 kcal mol™' (Fig. 4 and
5). Analysis of the reaction products upon warming shows
that 6-PhTPA was recovered largely intact from decomposed
3. Electrospray mass spectrometry of the decomposed solution
gave ions corresponding to Cu(ir) complexes of intact ligand,
which were shifted 5 amu higher using the 6-Ph-ds-TPA ligand
complex, and 6 amu higher when the ligand methylene carbons
were exhaustively substituted with deuterium. These isotopic
substitutions appeared not to perturb the formation and decay
kinetics of 3. Consistent with these results, only a trace amount
of pyridine 2-carbaldehyde resulting from N-dealkylation of
the tertiary amine was detected, unlike the significant ligand
oxidation reported for decomposition of Cu',(u-O), complexes
of 6-Me,TPA and 6-Me;TPA.* Hydroxylation of the phenyl
ring also did not occur, unlike for the Fe(6-PhTPA) complex'?
or a Cu'",(u-0), intermediate supported by the closely related
bidentate 2-(diethylaminomethyl)-6-phenylpyridine ligand.* We
attribute the lack of phenyl ring hydroxylation on 6-PhTPA to
axial displacement of the phenylpyridine arm from the Cu™,(u-
0), diamond core, similar to that found in the crystal structure of
[Cu™(u-0),(6-Me, TPA),]** .2 This bond elongation or dissociation
would preclude a favorable geometry for oxo-atom transfer from
the Cu,0, core to the pendant phenyl group.
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Fig.5 Decomposition of 3 observed by stopped-flow spectrophotometry
over 400 s at —65 °C. Reaction conditions are the same as those in Fig. 2.
Inset: Single-wavelength registration (at 380 nm) of the decay of 3 overlayed
with a first-order fit.

Conclusions

In summary, we have reported the reaction of the copper(1)
complex of a 6-phenyl substituted TPA ligand with O, at —90 °C in
acetone forms a short-lived intermediate with a Cu™,(u-O), core.
The presence of this core is established by its characteristic Raman
signature at 599 cm~' and a rarely observed overtone at 1192 cm='.
This result differs from that of [Cu'(6-MeTPA)]*, which affords
a (u-1,2-peroxo)dicopper(i1) intermediate upon exposure to O,,
presumably due to the difference in the sizes of the 6-substituents.
Interestingly, decay of the [Cu™,(u-O),(6-PhTPA),]** intermediate
does not result in the hydroxylation of the appended phenyl
ring.
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Abbreviations

TPA, tris(2-pyridylmethyl)amine; Tp'®"", hydrotris(3-zerz-butyl-
S-isopropylpyrazolyl)borate anion; Mestren, tris(dimethyl-
aminoethyl)amine; TMGstren, tris(tetramethylguanidinoamino-
ethyl)amine; 6-PhTPA, (6-phenyl-2-pyridylmethyl)bis(2-pyridyl-
methyl)amine; BPIA, bis(2-pyridylmethyl)(1-methylimidazol-2-
ylmethyl)amine; 6-MeTPA, (6-methyl-2-pyridylmethyl)bis(2-
pyridylmethyl)amine; 6-Me,TPA, (2-pyridylmethyl)bis(6-methyl-
2-pyridylmethyl)amine;  6-Me,TPA,  tris(6-methyl-2-pyridyl-
methyl)amine.

Acknowledgements

This work was supported by research grants from the US National
Institutes of Health (GM33162 to L. Q.) and the US National
Science Foundation (CHE-0111202 to E. V. R.-A)). E. L. Q.
received a Bather Family undergraduate research grant and a
Goldwater Scholarship. The X-ray crystal structure of 1-PF¢ was
solved by Dr Neil R. Brooks of the University of Minnesota X-ray
Crystallographic Laboratory, directed by Dr Victor G. Young, Jr.

References

1 L. M. Mirica, X. Ottenwaelder and T. D. P. Stack, Chem. Rev., 2004,
104, 1013.

2 E. A. Lewis and W. B. Tolman, Chem. Rev., 2004, 104, 1047.

3 R. R. Jacobson, Z. Tyeklar, A. Farooq, K. D. Karlin, S. Liu and J.
Zubieta, J. Am. Chem. Soc., 1988, 110, 3690.

4 N. Kitajima, L. Fujisawa, C. Fujimoto, Y. Moro-oka, S. Hashimoto,
T. Kitagawa, K. Toriumi, K. Tatsumi and A. Nakamura, J. Am. Chem.
Soc., 1992, 114, 1277.

5 J. A. Halfen, S. Mahapatra, E. C. Wilkinson, S. Kaderli, V. G. Young,
Jr., L. Que, Jr., A. D. Zuberbiihler and W. B. Tolman, Science, 1996,
271, 1397.

6 W. B. Tolman, Acc. Chem. Res., 1997, 30, 227.

7 C. X. Zhang, S. Kaderli, M. Costas, E.-i. Kim, Y.-M. Neuhold, K. D.
Karlin and A. D. Zuberbuhler, Inorg. Chem., 2003, 42, 1807.

8 H. Hayashi, S. Fujinami, S. Nagatomo, S. Ogo, M. Suzuki, A. Uehara,
Y. Watanabe and T. Kitagawa, J. Am. Chem. Soc., 2000, 122, 2124.

9 K. Uozumi, Y. Hayashi, M. Suzuki and A. Uehara, Chem. Lett., 1993,
963.

10 S. Yamaguchi, A. Wada, Y. Funahashi, S. Nagatomo, T. Kitagawa, K.
Jitsukawa and H. Masuda, Eur. J. Inorg. Chem., 2003, 4378.

11 G. J. Kubas, Inorg. Synth., 1979, 19, 90.

12 M. P. Jensen, S. J. Lange, M. P. Mehn, E. L. Que and L. Que, Jr., J. Am.
Chem. Soc., 2003, 125, 2113.

13 E. Szajna, P. Dobrowolski, A. L. Fuller, A. M. Arif and L. M. Berreau,
Inorg. Chem., 2004, 43, 3988.

14 R. Blessing, Acta Crystallogr., Sect. A, 1995, 51, 33.

15 SAINT V6.02A, Bruker Analytical X-ray Systems, Madison, WI, 1997.

16 SHELXTL-Plus V5.10, Bruker Analytical X-ray Systems, Madison,
WI, 1997.

17 S. V. Kryatov, S. Taktak, I. V. Korendovych, E. V. Rybak-Akimova,
J. Kaizer, S. Torelli, X. Shan, S. Mandal, V. MacMurdo, A. Mairata i
Payeras and L. Que, Jr., Inorg. Chem., 2005, 44, 85.

18 C.-L. Chuang, K. Lim, Q. Chen, J. Zubieta and J. W. Canary, Inorg.
Chem., 1995, 34, 2562.

19 N. Wei, N. N. Murthy, Z. Tyeklar and K. D. Karlin, Inorg. Chem., 1994,
33, 1177.

20 T. N. Sorrell and A. S. Borovik, J. Am. Chem. Soc., 1987, 109, 4255.

21 R. Cammi, M. Gennari, M. Giannetto, M. Lanfranchi, L. Marchio, G.
Mori, C. Paiola and M. A. Pellinghelli, Inorg. Chem., 2005, 44, 4333.

22 Z. He, S. B. Colbran and D. C. Craig, Chem. Eur. J., 2003, 9, 116.

23 M. J. Henson, P. Mukherjee, D. E. Root, T. D. P. Stack and E. L
Solomon, J. Am. Chem. Soc., 1999, 121, 10332.

24 P. Holland, C. J. Cramer, E. C. Wilkinson, S. Mahapatra, K. R. Rodgers,
S. Ttoh, M. Taki, S. Fukuzumi, L. Que, Jr. and W. B. Tolman, J Am.
Chem. Soc., 2000, 122, 792.

25 N. Wei, N. N. Murthy, Q. Chen, J. Zubieta and K. D. Karlin, /norg.
Chem., 1994, 33, 1953.

26 H. C. Fry, D. V. Scaltrito, K. D. Karlin and G. J. Meyer, J. Am. Chem.
Soc., 2003, 125, 11866.

27 S. Itoh, M. Taki, H. Nakao, P. L. Holland, W. B. Tolman, L. Que, Jr.
and S. Fukuzumi, Angew. Chem., Int. Ed., 2000, 39, 398.

28 H.-C. Liang, C. X. Zhang, M. J. Henson, R. D. Sommer, K. R. Hatwell,
S. Kaderli, A. D. Zuberbiihler, A. L. Rheingold, E. I. Solomon and
K. D. Karlin, J. Am. Chem. Soc., 2002, 124, 4170.

29 H. Hayashi, K. Uozumi, S. Fujinami, S. Nagatomo, K. Shiren, H.
Furutachi, M. Suzuki, A. Uehara and T. Kitagawa, Chem. Lett., 2002,
416.

30 P. L. Holland, K. R. Rodgers and W. B. Tolman, Angew. Chem., Int.
Ed., 1999, 38, 1139.

This journal is © The Royal Society of Chemistry 2006

Dalton Trans., 2006, 3523-3527 | 3527



