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C—H bond activation by metaloxo species has long been one

of the most important and attractive research objectives not only
in bioinorganic chemistry but also in numerous and diverse array (L PY183)(CH,CN)]PF; at

of catalytic oxidation reactions for organic synthésReactivity
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monooxygenases. However, little is known about mechanistic
details on the reactions of bispxo)dicopper(lll) complexes and
external substratés.
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We report herein the mechanistic studies on theHCbond
activation of external substrates such as 10-methyl-9,10-dihy-
droacridine (AcrH) and 1,4-cyclohexadiene (CHD) with a bis-
(u-oxo)dicopper(lll) complex supported by bidentate ligarfef-5
(LP¥1Bz = N-ethylN-[2-(2-pyridyl)ethyl]-a,a-dideuterio-benzy-
lamine)? An unusual kinetic behavior observed in the present
reactions implicates the existence of a new copper-active oxygen
intermediate that is responsible for the-B bond activation of
the external substrates.

Introduction of dry Q gas into an acetone solution of [Cu
—94 °C resulted in a spectral change,
where a characteristic absorption band at 400 ars (17400

of iron—oxo complexes of both heme and non-heme systems in M~ cm™?) readily developed (see Supporting Information, S1).
various oxidation states has so far been studied extensively toThe resulting acetone solution was ESR silent, and the resonance

provide valuable insight into the catalytic mechanisms of iron-

Raman spectrum of the oxygenated intermediate in frozen acetone-

dependent oxygenases as well as of Fenton-type and Gif-typed; (1., = 457.9 nm) exhibited a characteristic peak at 604tm

reactions:2 Much attention has recently been focused on the
dinuclear copperoxo species such as hispxo)dicopper(lll),

(S2)1° These spectral features together with the observed stoi-
chiometry of Cu:Q = 2:1 demonstrate the formation of a bis-

since it is considered as a possible active oxygen intermediate in(u-oxo)dicopper(lll) intermediatel].1° The bisfi-oxo)dicopper-

the aliphatic hydroxylation by dinuclear copper monooxygenases.
Structural and spectroscopic characterizations of the:{mig0)
species have been well-documenteshd their decomposition

(111) complex supported by the deuterated ligdriti*®?was stable
enough to examine the reactivity toward external substrates at
the low temperature.

processes leading to intramolecular aromatic and aliphatic ligand  Addition of the substrates into an acetone solutiod (5.0 x

hydroxylation as well as oxidative-dealkylation of the ligand

10°° M) at —94 °C under Ar atmosphere resulted in a color

sidearm have been investigated as functional models for copperchange from dark brown to green. Figure 1A shows the spectral

T Osaka City University.
* Osaka University.
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nearly quantitative formation was confirmed by 6NIS. Thus,
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Figure 1. (A) Spectral change (20 s interval) observed upon addition of EHS H—abstraction S, CHa
10-methyl-9,10-dihydroacridine (5:0 10-# M) into an acetone solution AcrH, AcrH’ AcrH*

of 1 (5.0 x 105 M) at —94 °C under Ar. (Inset) Second-order plot based
on the decrease of the absorption at 400 nm. (B) Ploks,ef's substrate
concentration for the reaction @fwith AcrH, (O) and AcrD; (O) under
the same experimental conditions.

strates (Scheme 1j.In such a case, the reaction is second-order
with respect tol as experimentally observé#l.Unfortunately,
however, we could not obtain any direct evidence for such an
intermediate, since the equilibrium of the disproportionation
reaction may lie far to the left, that is, to the starting material
[bis(u-oxo)dicopper(Ill) complex].

Alternatively two molecules of the big{oxo)dicopper(lll)
intermediate may function in unison (e.g., via a tetranuclear
copper-oxo complex) to oxidize the substrate. At present,
however, it is extremely difficult to distinguish between the

isproportionation complex in Scheme 1 and a tetranuclear

the present system gives us an excellent opportunity to examine
the C—H bond activation mechanism of external substrates with
the bisf-oxo)dicopper(lll) species.

To our surprise, the decrease of the absorption band at 400
nm due tol obeyssecond-order kineticeven in the presence of
a large excess substrate as shown in the inset of Figure 1A, wher

the second-order rate const&gs was obtained as a slope of the co .

. ¢ - ; pper-oxo complex, since such a complex could not be detected
linear second-order plotAg — A){ (A = A-)[1]o} vs time]. The because of the facile dissociation of the compllex; ¢ k; in
second-order dependence on the /bigxo)dicopper(lll) inter- Scheme 1¥7

mediate {) has also been confirmed by the result that khg
values obtained at various initial concentrations lofwere
inversely proportional to the initial concentrationloés expected
from the equation of the second-order plo#, (— A)/{(A —
A.)[1o} = kond. The second-order rate constdgis was then
plotted against the substrate concentration to demonstrate the first-
order dependence &f,s on [substrate] (Figure 1B, line Aced
from which the third-order rate constakg was determined as
1.2 x 10° M2 s7* from the slope. The same kinetic behavior
(the second-order dependenceland the first-order dependence
on [substrate]) was observed in the reaction with CHD, and the
ks values at—94 °C was determined as 1.6 10* M2 s % In
addition, a large primary kinetic deuterium isotope effdet'/( Acknowledgment. This work was partially supported by Grants-in-
ksP = 22.7) was obtained at94 °C when Acr} (AcrD, = the Aid for Scientific Research on Priority Area (Nos. 11228205, 11228206)
9,9-dideuterated analogue of Ag)Hvas used in place of AcrH and Grants-in-Aid for Scientific Research (Nos. 11440197, 12874082,
(Figure 1B, line Acrl)). The overall activation energies were and 13480189) from the Ministry of Education, Culture, Sports, Science,
determined from their temperature dependencEsas= 8.9 + and Technology, Japan. We also acknowledge Dr.P.L. Hollf?\nd, Professor
0.6 kcal mot? and Egpy = 10.0+ 0.2 kcal mot® (S3)2 The W.B. Tolmgn, and_P_rofessor L. Que, Jr. of University of Minnesota for
ksH/ksP value is significantly larger than the primary kinetic Llri]:gu:sil)%sm obtaining the Raman data and also for their helpful
deuterium isotope effect (3.0) reported for the hydrogen abstrac- '

tion from AcrH, by hydroperoxyl radical (H@).'* Such a large Supporting Information Available: Experimental details including
primary kinetic deuterium isotope effect indicates that a tunneling synthetic procedures, resonance Raman spectra (S2), product analysis,
hydrogen-transfer process is involved in the rate-determining stepmanometry, and kinetic measurements (S1 and S3) (PDF). This material
of the G—H bond activation byl. However, the direct reaction is available free of charge via the Internet at http://pubs.acs.org.
betweenl and AcrH would afford a first-order dependence of  jpg157215

the rate with respect to the concentration of each reactant, contrary. 5T " . e J m— Tout
e reaction rate was not influenced even when it was carried out in
to the present experimental observation. the presence of excess.(Ohis may indicate that the subsequent hydrogen-
One of the possible explanations for such an unusual kinetic atom transfer and the electron transfer from the radical intermediages*(C

In conclusion, we present the first example of thekCbond
activation of external noncoordinative substrates such as AcrH
and CHD with a bigg¢-oxo)dicopper(lll) complex, where patrtici-
pation of a new copper-active oxygen species such asoxd)-

(u- oxyl radical)dicopper(lll) or a tetranuclear copp&xo com-

plex is suggested by the kinetic data. The present results will
provide important insight into the -€H bond activation mech-
anism of copper monooxygenases, since suci-axp)(u-oxyl
radical)dicopper unit has been suggested as an actual active
oxygen intermediate in the reaction of particulate methane
monooxygenas.

behavior (thesecond-orderdependence orl) is following. and AcrH) are much faster than the initial hydrogen abstraction from the
. - : : ; substrates.

Disproportionation of two molecules of the his¢xo)dicopper- (16) According to Scheme 1, the observed rate congtastgiven byky-

(III)_ com_plexes may afford one molecule o/_u-()xo)(u-oxyl (k/k_1), when the overall activation energfs) consists of the activation

radical)dicopper(lll) A) and one molecule of bigfoxo)Cu(ll)- enthalpy of each processAHy" + AH;* — AH_/*. The overall activation

i ; ; entropies ASF = AS{F + AS* — AS ;¥) were also determined from the
Cu(lll) (B), the former of which is a real active species for the temperature dependencekgfis—35, - 35, and—13 cal K- mol- for AcrHy,

C—H bond activation (hydrogen atom abstraction) of the sub- acrD,, and CHD, respectively (see Supporting Information S3).
(17) The observed negative activation entroffiesre consistent with
(13) The activation energy for the reaction with CHD was also determined formation of an associative complex (a disproportionation complex or a
from the temperature dependencekgfasE; = 6.4 + 0.1 kcal mot? (S3). tetranuclear complex).
(14) Fukuzumi, S.; Ishikawa, M.; Tanaka, J..Chem. Soc., Perkin Trans. (18) Elliott, S. J.; Zhu, M.; Tso, L.; Nguyen, H.-H. T.; Yip, J. H.-K.; Chan,
21989 10371045. S. 1.J. Am. Chem. S0d 997, 119, 9949-9955.




