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The reactions of copper(ll) complexes and hydrogen peroxide
(H20,) have been studied extensively in order to gain insight into

reactive intermediates involved in copper monooxygenases and

copper oxidases as well as copper-catalyzed oxidation reaétitns.

Several types of mononuclear and dinuclear copper/active-oxygen
complexes have been reported, and their structures and physico-

chemical properties have been explored in détal However, less
is known about the intrinsic reactivity of the generated copper/
active-oxygen complexes.

We herein report a new copper(Halkylperoxo specie2X
[2-hydroxy-2-hydroperoxypropane (HHPP) adduct], which is gener-
ated by the reaction of #D, and copper(ll) complegX supported
by the bis(pyridylmethyl)amine tridentate ligand containimg
substituted phenyl groups at the 6-positions of the pyridine rings
(LX) in acetone in the presence of triethylamine (jEScheme
1). The alkylperoxo intermedia undergoes an efficient aromatic
ligand hydroxylation reaction, producing phenolate comgféexia
another intermediat®*. Kinetic studies on the aromatic hydroxy-

lation process are reported here together with spectral characteriza

tion of 2%,

Starting mononuclear copper(ll) complex&$ supported by
ligand X (X = NO,, CI, H, Me, or OMe; Y= CIO;~ or H,0; S
= CH3CN or H,O) were prepared by mixing the ligands and Cu-
(ClOg4)2°6H,0 in acetone or acetonitrile (Figures -S34)2° The
reaction of1X and HO, (1 equiv) was then examined in acetone

—70 °C in the presence of triethylamine (1 equiv). Figure 1A
shows a spectral change for the reaction18f2 as a typical
example, where intermedia?®©z exhibiting a characteristic absorp-
tion band at 420 nme(= 1350 Mt cm™1) together with a weak
d—d band at 630 nme(= 200 M~* cm™t) becomes apparent.
Spectroscopic titration for the generation2): established that
the stoichiometry ofiN®z to H,0, was 1:1 (Figure S5). Similar

spectral changes were obtained with other ligand systems (Flgures

S6—-S9). A more detailed characterization of intermedtevas
carried out for2V®: since it showed higher stability than any other
(as discussed further below).

Intermediate2N®z generated with K%0, showed isotope sensitive
Raman bands at 855, 823, 792, and 545 twhen an acetonds
(CDsCOCD) solution of 2N°2 was excited with a 441.6 nm laser

light (Figure S10). These Raman bands shifted to 825, 803, 785,

and 525 cm?, respectively, when F0, was used (Figure S10).
The appearance of multiple Raman bands in the 800'¢agion
and their associated isotope shiftsy(= 30, 20, and 7 cm') as
well as their intensity patterns are similar to those reported from
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Figure 1. (A) UV —vis spectra ofiN% (0.6 mM) and2N®: from the reaction
of IN%z and HO;, (0.6 mM) in the presence of NE(0.6 mM) in acetone
at —70°C. (B) UV—vis spectra o3" and4" generated by decomposition
Scheme 1

of 21 in acetone.
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resonance Raman studies of copper{t)kylperoxo (Cli—OOR)
and iron(lll)—alkylperoxo (F&' —OOR) complexes (R tert-butyl
and cumyl), where such bands have been assigned as mixéd O
C—0/C—C vibrations?21.22An additional Raman band @\©: at
545 cnrt (28Av = 20 cn?) can be assigned to a €O stretching
vibration (Figure S10). These Raman features are consistent with
the formation of a copper(Halkylperoxo type species. N2 were
instead to be a copper(tbhydroperoxo species, Cu(HOOH, the
Raman spectrum should be much simpler, showing only one peak
near 800 cm! due to the G-O bond stretching vibratiofr.®

A plausible structure of copper(ialkylperoxo complex2No:
is a 2-hydroxy-2-hydroperoxypropane (HHPP) adduct as indicated
in Scheme 1. A similar HHPP adduct of iron(lll) has recently been
reported by Que and co-workers in the reaction df(FEA) and
H,0, in acetoné324 The proposed structure @N°: is consistent
with the sensitivity of the resonance Raman bands at 855 and 823
cm~1 using acetonek versus acetonbs (CH;COCH;; other peaks
observed in acetondswere masked by the large solvent vibration
peaks in acetonhbs; Figure S11), which provides evidence for the
incorporation of an acetone molecule ir@8°:. In addition, the
ESI-MS of 2N%2 showed a set of peaks at 685.1 which shifted to
689.1 upon H€O, substitution (Figure S12). The mass distribution
patterns and the isotope shift are fully consistent with the proposed
structure of2\%2, The ESR spectrum dN®: (Figure S14,g9; =
2.315,g, = 2.110,93 = 2.035,A; = 135,A;, = 25, A3 = 30 G),
which is different from that of starting material®z (Figure S13,

10.1021/ja071623g CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

(A)

Figure 2. (A) Computed B98 structure f@" (N-benzyl group is replaced
with a methyl group for simplicity) and (B) ORTEP drawing4f showing
50% probability thermal ellipsoids. The counteranion and the hydrogen
atoms are omitted for clarity.

0: = 2.310,9, = 2.100,9; = 2.030,A; = 140,A; = 22, A3 = 24
G), indicates a distorted tetragonal structure. Moreover, double
integration of the ESR spectrum &f°: indicated that 99% of spin
remained, confirming the mononuclearity &%= Finally, B98
density functional calculations predict a stationary structur@\er
(Figure 2A) whose spectral characteristics are in good accord with
experimeng®

The HHPP addu@* gradually decomposed at70 °C, resulting
in the formation of another intermedia8 having a featureless
UV/vis spectrum (Figure 1B; the spectrum3f is presented as a
typical example). The reaction & to 3" obeyed first-order
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decay rate, we obtained the activation parametéii$ = 24.9 +
1.2 kJ mott andASF = —162.9+ 5.5 J K1 mol~! (Figure S16).
Furthermore, Hammett analysis (plot of l&gys vs o) gavep =
—2.2 (> = 0.99) (Figure S17), which is very close to theralues
reported for aromatic hydroxylation reactions of dicoppef(ll)
peroxo complexes—1.8 to —2.2)26-28 |n addition, no kinetic
deuterium isotope effect (KIE= 1.0) was obtained with perdeu-
terated ligand E-dyo (replacing all protons of the 6-phenyl groups).
These kinetic results suggest that the reactio®*ab 3¥ involves
an electrophilic aromatic substitution mechanism.

Intermediate3X further reacted at higher temperature to give the
final product4X exhibiting an intense absorption banc~&880 nm
(the spectrum ofi is shown in Figure 1B, and those of oth&f
are presented in Figures S1822). The ESI-MS of the final
reaction mixture with K80, and K80, (Figure S23) showed,
respectively, increments of 15 and 17 mass units relativé"fo
demonstrating incorporation of one oxygen atom into the product.
Aromatic ligand hydroxylation was unambiguously confirmed by
single-crystal X-ray structural analysis of the isolated coppef(ll)
phenolate complext (Figure 2B) and by*H NMR analysis on
the modified ligands ¥—OH isolated by demetalation of the final
products4X. The yields of ligand hydroxylation were 99, 98, 85,
99, and 53% for X= OMe, Me, H, Cl, and N@ respectively.

In summary, we have demonstrated a unique reactivity of copper-
(1) complexes1* with H,O, in acetone via the intermediacy of a
new copper(ll)-alkylperoxo complex*. The alkylperoxo complex
2Xis electrophilic in natured = —2.2) and accomplishes aromatic
ligand hydroxylation. In other solvent systems such as propionitrile,
by contrast, we observed formation of copperflydroperoxo
species, Cl—0OO0OH (360 nm,e = 3150 M~ cm™1), from which
no aromatic ligand hydroxylation took place. Thus, the present study
offers important insights into solvent effects on the reactivity of
copper(Il) complexes when mixed with,8,. The structure of
intermediate3* and the mechanism for its formation is now under
investigation by experiment and computatfén.
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