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General Introduction

Active-oxygen species of transition-metal ions have attracted much attention in
wide variety of research fields. In catalytic and synthetic organic chemistry, for
example, first-row transition metal, such as iron and copper, have been recognized as a
powerful catalyst in several organic reactions, such as C-C, C-O and C-N bond
formation reactions, epoxidation of alkenes, oxidation or polymerization of phenols,
and so on.” In addition, application of transition-metal catalysts for catalytic
hydroxylation of alkanes, which is a subject of extensive studies in industrial chemistry,
has also been much recent attention. At the present time, however, these reactions are
operated at high temperature and high-pressure conditions, with low efficiency and
selectivity. In recent years, there has been growing demand for new
environmentally-friendly methods for large-scale application of substrate oxidation
reactions, which should proceed with high atom-economy using ecologically-benign
molecular oxygen or hydrogen peroxide as a terminal oxidant under mild conditions.
Although the understanding the activation mechanism of dioxygen or peroxides on the
metal center is important to circumvent these problems, the mechanism of many of
these reactions is poorly understood to date.

On the other hand, in biological systems, transition-metal active-oxygen species
have been invoked as key reactive intermediates in various enzymatic reactions. For
example, the iron-oxide species have been widely recognized as the active oxidant in
the catalytic substrate-oxidation cycle by heme-containing enzymes, such as
cytochrome P450.* Copper active-oxygen species are also important due to their
strong relevance to the reactive intermediates involved in copper monooxygenases,
including dopamine p-monooxygenase (DSM), peptidylglycine-a-hydroxylating
monooxygenases (PHM), tyrosinase (Tyr), and so on.” For instance, X-ray structural
analysis by Amzel and his co-workers has recently demonstrated existence of a
mononuclear copper-dioxygen adduct (probably copper(Il)-superoxide) in the oxy-form
of PHM.® To evaluate the catalytic mechanisms of these enzymes, much deeper
insights into the structure, physicochemical properties, and reactivity of the
transition-metal active-oxygen species are required.

The ability of metalloenzyme monooxygenases has inspired chemists to develop

small molecule catalysts that can mimic such efficient enzymatic reactivities and can be



adopted to synthetic organic reactions. Recent efforts in synthetic modeling
bioinorganic chemistry have focused on heme and non-heme oxo-iron complexes,
leading comprehensive understanding of their structure, physicochemical properties,
and reactivity. The formation mechasnim of iron-oxide complexes has also been
investigated extensively to show that homolytic O-O bond cleavage of a
iron(Il)-hydroperoxide complex (Fe™-OOH) gives a iron(IV)-oxide (Fe''=0)

complexes, whereas heterolytic O-O bond cleavage of Fe"

-OOH generates a
iron(V)-oxide complex (Fe'=0).” Both iron-oxide complexes have been suggested as
the key reactive intermediate in a variety of iron-catalyzed oxidation/oxygenation
reactions (Scheme 1).**  So far, several types of supporting ligands including external
co-ligand have been examined in order to control not only the O-O bond cleavage
process but also the reactivity of the generated iron-oxide complexes. The insights
gained from these studies have provided important information for the development of

catalytic alkane and aromatic hydroxylation reactions'® and epoxidation and

cis-dihydroxylation of olefins."
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Scheme 1. O-O bond cleavage pattern of Fe"-OOH producing iron-oxide

complexes
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On the other hand, a number of discrete copper active oxygen complexes have also
been developed and their structure and physicochemical properties have been
well-characterized by X-ray crystallographic analysis and various spectroscopic
techniques.'” As shown in Scheme 2, the reaction of copper(I) complex (LCu') and

dioxygen (0,) produces a mononuclear copper(Il)-superoxide complex (LCu'O,), both



of end-on and side-on binding mode. The binding mode of O, has been shown to be
controlled by supporting ligands.” In many cases, however, the mononuclear
copper(ll)-superoxide complexes further react with another molecule of copper(I)
precursor complex to give end-on and side-on u-peroxide dicopper(Il) complexes.'*"
Furthermore, from the side-on dicopper(Il)-peroxo, homolytic cleavage of the O-O
bond takes place in certain ligand systems to provide bis(u-oxo)dicopper(Ill)
complexes.'® In this case, two more electrons are injected to the peroxide moiety from

each copper(Il) ion to induce the O—O bond homolytic cleavage.

Scheme 2
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In contrast to the extensive studies on dinuclear dicopper(Il)-peroxide complexes,
less has been explored about the structures, physicochemical properties, and reactivity
of the mononuclear copper active complexes. In principle, one-electron reduction of
the superoxide complex and subsequent protonation of the generated
copper(Il)-peroxide complex or direct hydrogen atom transfer to superoxide species
provide a copper(Il)-hydroperoxide complex (Scheme 3)."” Furthermore, O-O bond
cleavage of hydroperoxide complex may take place to provide a mononuclear
copper(Ill)-oxide or copper(Il)-oxyl radical type complexes, which may have higher

reactivity as compared to the superoxide and hydroperoxide complexes.



Scheme 3. Oxygen activation process at mononuclear copper reaction center
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In synthetic modeling studies, however, high reactivity of a mononuclear
superoxide species makes it difficult to isolate and characterize the mononuclear
copper-active-oxygen complexes. Thus, in order to investigate chemistry of the
mononuclear copper(Il)-peroxide complexes such as hydroperoxide, alkylperoxide, and
acylperoxide complexes, the reactions of copper(Il) precursor complexes and hydrogen
peroxide (H,0,), alkylperoxide (R-OOH), or peracid (RC(O)OOH), so-called shunt
pathway, have been employed (Scheme 4)." So far, chemical properties of the
copper(Il)-hydroperoxide complexes have been studied in detail, but the reactivity
toward external substrates as well as the O-O bond cleavage process has been less
explored. Thus, the studies of this process will give further insights into the catalytic

mechanism of copper monooxygenases.

Scheme 4. Generation of mononuclear copper(Il) peroxide complexes
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On the basis of these backgrounds, this study is intended to investigate the O—O bond
cleavage process of copper(Il)-alkylperoxide complexes to find significant ligand
effects as well as the importance of oxidation state of the metal center (Cu'vs. Cu") on

the O—O bond cleavage process.



In chapter 1, the author and his co-workers have examined the redox properties of a
mononuclear copper(Il)-superoxide complex, which exhibits a similar structure as the
enzyme active site, toward several types of external substrates in order to get further
insights into the intrinsic reactivity of the end-on superoxide copper(Il) complex. The
author also examined the formation of possible mononuclear copper active-oxygen
species such as peroxide and hydroperoxide complex by the reaction with a series of
one-electron reductants and hydrogen atom donors, respectively. It has been
demonstrated that the redox reactivity of the superoxide complex developed in our
research group, exhibiting a four-coordinate distorted tetrahedral geometry, is
significantly different from that of the end-on superoxide copper(Il) complex, exhibiting
a five-coordinate trigonal bipyramidal structure, reported by Schindler et al.”*"  Such
a difference could be attributed to the different geometry of the superoxide complexes.
Reactivity of the generated copper(ll)-hydroperoxide complex, however, could not be

investigated in detail due to its instability (Scheme 5).

Scheme 5
I
0=PPhs =~ 90% LCu''-OAr
ArOH
PPh,
Proton X2
Transfer HOO- » Hy0, =50%
O\ .
'N\ /II o e 2H+
: iN’cu » ——» H,0, =100%
\N

A 1e~ Reduction
(= E,eq 0.2V (vs. SCE)
Cu!l-Superoxide
H* H+
Hydrogen —>» H,0, =100%

Atom O
Transfer N,/ TOH

~cu 0-0 Homolysis?

\
N :N \ |:>
'\I‘ N 0-0 Heterolysis?
—

Cull-hydroperoxide

In chapter 2, the author and his co-workers have investigated the reactivity of
copper(ID-alkylperoxide complex (LCu"-OOR) supported by simple typical
pyridylmethylamine tridentate and tetradentate ligands in order to gain more insights
into ligand effects on the reactivities toward external substrates, paying attention to the

oxygen—oxygen bond breaking pattern, of the copper(Il)-alkylperoxide complexes. As



a result, it has been demonstrated that the reaction of generated LCu"-OOR complexes
with 1,4-cyclohexadiene involves concerted O—O bond homolysis and hydrogen-atom
abstraction from the substrate, with the proximal oxygen of the peroxide moiety
involved in the C—H bond activation step by detailed product analyses and DFT studies
(Scheme 6).

Scheme 6
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In chapter 3, the author and his co-workers have investigated the reaction of
copper(I) complexes supported by similar tridentate ligands used in chapter 2 and
cumene hydroperoxide derivatives (*CmOOH; X = Et, Me, H, Br, F, and NO,) to find
that the reaction of the copper(I) complex and *CmOOH proceeded quite smoothly in a
2 : 1 stoichiometry to give the cumyl alcohol derivatives (*CmOH) as the major product
in contrast to the reaction between the copper(Il) complexes and *CmOOH, which gives
acetophenone as the major product. The results clearly indicate that the copper(I)

complexes induces O—O bond heterolysis, where two electrons are supplied from two

molecules of copper(I) complexes (Scheme 7).

Scheme 7
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Finally in chapter 4, in order to develop a N,S coordination environment found in
the copper monooxygenases such as PHM and DBM, the author and his co-workers

have developed copper complexes supported by a sulphur-containing tridentate ligand



in order to examine the effect of sulfur atom on their structure and redox properties.
The copper(I) complex supported by the N,S ligand exhibits no reactivity toward O,,
being in sharp contrast to the high reactivity of the copper(I) complex supported by the
related N; ligand used in Chapter 1. Nonetheless, the copper(I) complex of the N,S
ligand shows unique reactivity toward CmOOH to induce efficient heterolytic O-O
bond cleavage in a 1 : 1 stoichiometry. This is in contrast to the N, tridentate ligand
complexes, which react with CmOOH in a 2 : 1 stoichiometry. The authors propose
that the sulfur atom acts as an electron donor to induce the O—O bond heterolysis
(Scheme 8).

Scheme 8
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Chapter 1 Redox  Properties of a  Mononuclear
Copper(II)-Superoxide Complex

Introduction

Mononuclear copper active-oxygen species are the important reactive intermediates in
biological oxygenation reactions.””> Copper monooxygenases such as peptidylglycine
a-hydroxylating monooxygenase (PHM), dopamine pB-monooxygenase (DSM), and
tyramine -monooxygenase (TSM) have been demonstrated to catalyze aliphatic C-H
bond hydroxylation of their respective substrates (dopamine, peptide hormones, and
tyramine, respectively) using molecular oxygen (O,) at a mononuclear copper active

site 11316

It has also been suggested that bacterial depolymerization of polysaccharides
is initiated by a class of copper oxygenases (GH61 and CBM33), in which O,-activation
is taking place at a mononuclear copper reaction center for the substrate
oxygenation."”*" So far, the series of mononuclear copper active-oxygen species such as
superoxide (A), peroxide (B), hydroperoxide (C), and oxyl radical (D) complexes have
been proposed as the key reactive intermediate for the direct aliphatic C—H bond

activation both from the enzymatic and computational studies.” ™=

Scheme 1-1

e
LW ——2 > LCuMOy- — — » LCu'-0,2-
A B

LCu'-OOH # LCul-O
Cc D

‘OH

In principle, the reaction of a mononuclear copper(I) complex and O, gives a
mononuclear copper(Il)-superoxide complex A, from which a copper(Il)-hydroperoxide

complex C can be generated by the one-electron reduction of A and subsequent
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protonation of a copper(Il)-peroxide complex B or direct hydrogen atom transfer to A
from a substrate. Furthermore, O—O bond homolysis of the hydroperoxide complex C
may occur to provide a mononuclear copper(Il)-oxyl radical species D (Scheme 1-1).
In synthetic modeling systems, however, copper(Il)-superoxide complex A tends to
react with another molecular of copper(I) starting material to give a dinuclear
copper(Il)-peroxide complex (not shown in Scheme 1-1), making it difficult to isolate
and characterize the mononuclear copper active-oxygen complexes in the reaction of
copper(I) complexes and 0,.22"2 Nonetheless, a couple of mononuclear copper(Il)
end-on superoxide complexes have recently been characterized,?>>> and one of them,
(TMGstren)Cu'-00", has been successfully isolated by using the tetramethylguanidine
derivative of tripodal fetradentate tren ligand (tris(2-aminoethyl)amine) (Chart 1-1),**
providing important insights into the structure and chemical properties of the proposed
reaction intermediate of the mononuclear copper oxygenases.”™’ We have also
studied the reactivity of the end-on superoxide copper(Il) complex 2°* generated by
using a tridentate ligand L (Chart 1-1) to demonstrate that 2°% can directly induce
aliphatic hydroxylation at the benzylic position of the ligand sidearm, providing

3839 1n this study,

important insight into the catalytic mechanism of PHM and DSM.
the author and his co-workers have examined the redox properties of 2°* toward several
types of external substrates in order to get further insights into the intrinsic reactivity of
the end-on superoxide copper(Il) complex and to see how the supporting ligand affects
the reactivity of the superoxide complexes. The author has also tried to see the
formation of possible mononuclear copper active oxygen species such as peroxide
(one-electron reduced product B), hydroperoxide (hydrogen atom adduct C), and oxyl
radical (D) complexes, which could be derived from 2°? in the reactions with external

substrates (see Scheme 1-1).

Chart 1-1

® Me,sN
MeoN O\O 2%NMe2 O/O'
Me NK | N NMe. /N\ /
2 N—Cull"J 2 N N—¢gu!
| \NJ\ \
K/NK/’ ez o
\ 7
(TMGatren)Cu'-00* (L)Cu'-O0" (202)
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Experimental

Materials and Methods. The reagents and the solvents used in this study, except the
ligands and the copper complexes, were commercial products of the highest available
purity and were further purified by the standard methods, if necessary.” The Ligand
1-(2-phenethyl)-5-[2-(2-pyridyl)ethyl]-1,5-diazacyclooctane (L) and its copper(l)
complex [(L)Cu']PF, (1) were prepared according to the reported procedures.”® FT-IR
spectra were recorded on a Jasco FTIR-4100, and UV-visible spectra were taken on a
Hewlett Packard 8453 photo diode array spectrophotometer. 'H-NMR spectra were
recorded on a JEOL LMN-ECP300WB, a JEOL ECP400, a JEOL ECS400, or a Varian
UNITY INOVA 600MHz spectrometer. ESI-MS (electrospray ionization mass
spectra) measurements were performed on a PerSeptive Biosystems Mariner™
Biospectrometry workstation. Elemental analyses were performed on a Perkin-Elmer
or a Fisons instruments EA1108 Elemental Analyzer.

Synthesis.

[Cu"(L)(OAQ)I(BF,) (2°*). Ligand L (20 mg, 62 umol) was treated with an
equimolar amount of Cu"(CH,COO),*H,0 (12 mg, 62 umol) in CH,Cl, (5.0 mL).
After stirring the mixture for 5 min at room temperature, NaBF, (6.8 mg, 62 umol) was
added to the solution. Insoluble material was then removed by filtration. Addition of
n-hexane (100 mL) to the filtrate gave a blue powder that was precipitated by standing
the mixture for several minutes. The supernatant was then removed by decantation,
and the remained blue solid was washed with n-hexane three times and dried to give
2%4¢in 71 %. FT-IR (KBr) 1610 and 1578 cm™ (OAc"), 1083 cm™ (BF,); HR-MS
(FAB") m/z = 445.1798, calcd for C,;H;,N;O0,Cu = 445.1791; Anal. Calcd for
[Cu"(OAC)](BF,)*1.5H,0°0.1CH,, (C,; (H;4 ,BCuF,N,0;5): C, 49.86; H, 6.45; N, 7.39.
Found: C,49.65; H, 6.39; N, 7.13.

EPR Measurements. The EPR spectrum of the final reaction mixture of copper(Il)
superoxide complex 2°> and TEMPO-H were recorded on a JEOL X-band spectrometer
(JES-RE1XE) with an attached variable temperature apparatus. The EPR spectrum
was measured in frozen acetone at 77 K. The magnitude of modulation was chosen to
optimize the resolution and the signal-to-noise (S/N) ratio of the observed spectra under
non-saturating microwave conditions. The g values and the hyperfine coupling

constants were calibrated with a Mn>* marker.
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Resonance Raman Spectrum. Resonance Raman scattering was excited at 406.7 nm
from Kr* laser (Spectra Physics, BeamLok 2060). Resonance Raman scattering was
dispersed by a single polychromator (Ritsu Oyo Kogaku, MC-100) and was detected by
a liquid nitrogen cooled CCD detector (Roper Scientific, LNCCD-1100-PB)The
resonance Raman measurements were carried out using a rotated cylindrical cell
thermostated at =70 ~—90 °C by flashing cold liquid nitrogen gas.

Kinetic Measurements. Kinetic measurements for the reactions of copper(Il)
superoxide complex 2% with external substrates were performed using a Hewlett
Packard 8453 photo diode array spectrophotometer with a Unisoku thermostated cell
holder designed for low temperature measurements (USP-203, a desired temperature
can be fixed within + 0.5 °C) in an appropriate solvent (3.0 mL) at a low temperature.
For the preparation of the copper(Il) superoxide complex 2%%, O, gas was rapidly
introduced to a solution of the copper(I) complex [(L)Cu'|PF, in a UV cell (1.0 cm path
length) through a silicon rubber cap by using a gas-tight syringe, and the increase of the
absorption band due to 2°* was monitored. Then, an excess O, was removed by
flashing Ar gas through a needle for about 5 min, and the substrate was added to start
the reactionThe reaction was followed by monitoring the decrease in the LMCT
absorption band due to 2°2. The pseudo-first-order rate constants for the decay of 2°
were determined from the plots of In(4A) vs. time based on the time course of the
absorption change at A, due to 2%2.

Quantification of H,0,. Amount of H,O, was determined by iodometry as follows.
A final reaction mixture of 2°* and a substrate was quenched by adding an acetone
solution of HPF, (2 equiv). Then, the diluted acetone solution (1/10) was treated with
an excess Nal. The amount of I;7 formed was then quantified using its visible
=361 nm,e=25x10°M'cm™) X

spectrum (A

max
Results and discussion

Electron-transfer Reduction of 2°>. As shown in Scheme 1-1 in Introduction,
one-electron reduction of the copper(I)-superoxide complex 2°° may afford a
copper(Il)-peroxide complex B. Thus, the reactions of 2°% with a series of
one-electron reductants were examined to search such a possibility. Figure 1-1 shows

a typical example of the spectral change for the reaction of 2°* (0.2 mM) with an

14



equimolar amount of decamethylferrocene (Me,,Fc) at —85 °C in acetone. The LMCT
band at 397 nm due to 2°* gradually decreased with concomitant increase of the
absorption band due to the ferrocenium cation (Me,,Fc*). The yield of Me,Fc" was
estimated to be 88 % based on the initial concentration of 2°* using intensity of the
absorption band due to Me Fc* itself (¢ = 8.0 x 10° M cm™ at A, = 780 nm). This
is consistent with a one-electron reduction of the superoxide species. In fact, nearly
quantitative formation of H,0, (81 % based on 2°%, 92 % based on Me ,Fc* formed) was
confirmed by iodometry, and quantitative generation of a copper(Il) complex was
detected by EPR spectrum. However, all our efforts to isolate the reduced product
(type B in Scheme 1-1) have been unsuccessful due to its thermal instability, and a
complicated mixture of products was obtained, when the reaction mixture was warmed
up to room temperature.

The decay of 2°* obeyed second-order kinetics in the presence of the equimolar
amount of Me,,Fc, and the second-order rate constant (k,) was obtained as 320 + 2 M
s”' from the slope of the linear line of the second-order plot shown in the inset of Figure
1-1. The reduction of 2°% also proceeded with octamethylferrocene (MegFc) and
N,N,N’N’-tetramethylphenylenediamine (TMPD), and the second-order rate constants
were determined as 56 + 04 M™' s and 9.4 + 0.06 M s™', (the data are listed in Table
1-1). On the other hand, no reaction took place when weaker reductants such as
dimethylferrocene (Me,Fc) and ferrocene (Fc) were employed under the same
experimental conditions (Table 1-1). Based on the one-electron oxidation potentials of
TMPD (E,,= 0.12 V vs. SCE) and Me,Fc (E,, = 0.26 V vs. SCE),”* the one-electron
reduction potential of 2°* was estimated as E,,= (0.19 V = 0.07) vs. SCE. However,
the reduction of 2°* was irreversible due to thermal instability of the reduced product;
addition of an oxidant such as ferrocenium cation Fc* to the final reaction mixture did
not reproduce the original superoxide complex 2°2. Thus, the estimated E,, value is

not a true reduction potential.
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Figure 1-1. The UV-vis spectral change for the reaction of 2°% (0.2 mM)
and decamethylferrocene (0.2 mM) in acetone at -85 °C. Inset:

Second-order plot based on the absorption change at 397 nm.

Table 1-1. One-electron Oxidation Potential of the Reductants and the
Second-order Rate Constants for the Reduction of 2°% in Acetone at -85 °C

Me, Fc MeFc TMPD Me,Fc Fc
E°./V vs. SCE* -0.08 -0.04 0.12 0.26 0.37
ky/ M s 320+ 2 56 +04 94 +0.06 NR "’ NR "’

“ The data are taken from the literature.** ° No reaction.

Reaction with TEMPO-H (Hydrogen-Atom Donor). Figure 1-2 (left) shows a
spectral change for the reaction of 2°* with 2,2,6,6-tetramethylpiperidine-N-hydroxide
(TEMPO-H) under anaerobic conditions (excess O, was removed by flushing Ar gas
before the reaction), where the absorption bands due to 2°* decrease to give new
absorption bands at 375 nm (¢ = 1650 M cm™) and 620 nm (309). The reaction
obeyed first-order kinetics in the presence of an excess amount of TEMPO-H (Figure
1-2 (left), Inset), and a plot of the observed pseudo-first-order rate constants against the
concentration of TEMPO-H gave a straight line passing through the origin, from which

the second rate constant was determined as k, = 2.4 + 0.05 M's™' at -85 °C (Figure 1-2,
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Figure 1-2. Left: The UV-vis spectral change for the reaction of 2°* (0.2
mM) and TEMPO-H (4.0 mM) in acetone at -85 °C. Inset:
Pseudo-first-order plot based on the absorption change at 397 nm. Right:

Plot of k,,, against the substrate concentration for the reaction of 2°2.

The final spectrum is similar to those of copper(Il)-hydroperoxide complexes so far
been reported,” suggesting the formation of a similar type of copper(II)-hydroperoxide
complex 2°°" (Scheme 1-2), even though resonance Raman data of sufficient quality
has yet to be obtained; there is only a very weak Raman band at 831 cm™, which shifted

to 788 cm™', when the reaction was carried out with '*O-substituted 2°* (Figure 1-3, left).

Scheme 1-2
ﬂjv {NjT
N /0\0- N\ / N /O\OH
I

t N~ C{ HAT Mechanism t N C{“
N N7

4 rds 4
— —

20, 200H
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Figure 1-3. Left: Resonance Raman spectra of the reaction mixture of 2%
(0.2 mM) with TEMPO-H (2.0 mM, solid line, below) and *O enriched 2°*
(0.2 mM) with TEMPO-H (2.0 mM, doted line, above) obtained with A, =
406.7 nm, in CH,Cl, at -85 °C; s denotes the solvent bandRight: EPR
spectrum of the final reaction mixture of 2°? (0.2 mM) with TEMPO-H (0.2
mM) in acetone at 77 K.

The EPR spectrum of the final reaction mixture shown in Figure 1-3 (right) exhibited
the typical signal due to TEMPOe free-radical (g = 2.004) (Figure 1-3, right), which is
overlapped with a EPR signal of a copper(Il) species (Figure 1-3, right). The spin
quantification by double integration of the whole EPR signals confirms the existence of

two § = 1/2 species corresponding to TEMPOe and copper(Il)-hydroperoxide species
200H‘
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Figure 1-4. The UV-vis spectral change for the self-decomposition of
2°°" (0.2 mM) in acetone at 30 °C. Inset: Experimental (bottom) and
simulated (top) peak envelopes in the positive-ion ESI-MS spectra of the
decomposition product of 2°°" in acetone at 30°C. m/z = 386.1
([@)Cu'T).

299" was relatively stable at —85 °C, but gradually decomposed at room temperature
to give a copper(Il) complex having a weak d-d band at 640 nm (¢=210 M'cm™). In
addition, quantitative formation of H,O, (93 % based on the copper complex) was
confirmed by iodometry after quenching the final reaction mixture with HPF,. It
should be noted that no ligand hydroxylation product was detected from the final
reaction mixture by ESI-MS (Figure 1-4, Inset), and the original ligand was recovered
quantitatively by the ordinary work-up treatment (demetallation) of the final reaction
mixture using NH,OH (aq) (Scheme 1-3a). This result is in sharp contrast to the
(TMGi;tren)Cu"-O0O" system, where a ligand hydroxylation took place only after the
reaction with hydrogen atom donor such as TEMPO-H or phenols (Scheme 1-3b).*
The authors concluded that (TMG;tren)Cu"-OO" (type A in Scheme 1-1) was not the
direct oxidant, but that (TMG;tren)Cu"-O" (type D) generated by O—O bond homolysis
of (TMG;tren)Cu"-OOH (type C), generated by the reaction of A and the hydrogen
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atom donor, might be the reactive intermediate that induced the ligand methyl
hydroxylation.*® On the other hand, our results clearly indicated that the superoxide

complex 2°% (Type A), but not the hydroperoxide complex 2°°"

(type C), directly
participates to the aliphatic ligand hydroxylation (Scheme 1-3a).**** Such a difference in
reactivity between 2% and (TMG;tren)Cu"-OO" could be attributed in part to the
difference in the coordination number and geometry (four-coordinate/tetrahedral vs.
five-coordinate/trigonal bipyramidal) as well as to the difference in the kind of donor
atoms (alkylamine and pyridine nitrogen atoms vs. imine (guanidine) nitrogen atoms).
It is interesting to note that the proposed geometry (distorted tetrahedral)® and observed
reactivity (direct C—H bond activation)® of 2°* are closer to those of the putative

reactive intermediate in the enzymes.**

Scheme 1-3
(a) [LCu(OO")]* > Ligand Hydroxylated Product
202 P>
%
k27
[LCul-OOH]*
200H
(b)  [(TMGgtren)Cu(OO")]* ,;/ » Ligand Hydroxylated Product

% /
K

[(TMGtren)Cull-OOH]*

Reaction with Phenol Derivatives. Karlin, Schindler, Sundermeyer, and co-workers
reported that the reaction of (TMG;tren)Cu"-OO" and phenols (ArOH) induced
hydrogen atom transfer to provide (TMG;tren)Cu"-OOH and phenoxyl radical speceis
(ArO"), from which the ligand hydroxylation product (Scheme 1-3b) and several phenol
oxidation/oxygenation products were produced.”® Thus, the author and his co-workers
also investigated the reaction of 2°% with phenol derivatives to compare the reactivity
between 2°% and (TMG;tren)Cu"™-OO". Figure 1-5 shows a spectral change for the
reaction of 2°% with p-tert-butylphenol (®*"ArOH) as a typical example, where the LMCT
bands due to 2°% decreases obeying first-order kinetics in the presence of an excess

amount of ®*ArOH.
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Figure 1-5. The UV-vis spectral change for the reaction of 2°% (0.2 mM)
with p-tert-butylphenol (180 mM) in acetone at -85 °C. Each spectrum
was taken at 500 s intervals. Inset: Plot of k,, against the substrate

concentration.

A plot of the pseudo-first-order rate constants (k,,) against the substrate
concentration gave a straight line passing through the origin, from which the
second-order rate constant k, was determined to be (0.68 +0.01) x 10> M s™' from the
slope (Figure 1-3, Inset). In this case, the spectrum of the final reaction mixture
exhibiting weak absorption bands at 530 nm (¢ = 485 M'cm™) and 725 nm (& = 405
M cm™), which was different from that of 2°°" (see, Figure 1-2) but identical to that of
the copper(I)-phenolate complex (2°*"*®™) prepared by the reaction of a copper(Il)
complex [Cu"(L)(OCOCH,)]* (2°4¢) and lithium p-tert-butylphenolate under the same
experimental conditions.** Thus, the product was not the copper(I)-hydroperoxide
complex 2°°", but a copper(I)-phenolate complex 2°*® . Furthermore, no phenol
coupling dimer product was obtained, when the final reaction mixture was quenched
with HPF; at the low temperature (-85 °C).

The reactions of 2°* with a series of p-substituted phenols (*ArOH; X = OPh, Me, H,
F, Cl) were also examined under the same experimental conditions to give the
corresponding copper(Il)-phenolate complexes (2°4"™), and the second-order rate

constants k, for the reactions were determined in the same manner as (0.51 + 0.01) x

21



10°M's,(022+£001)x 10°M "' s, (037+03)x 10°M' s, (042 +0.02) x 10~
M's,(042+001)x 10°M "' s, and (2.0 +0.1) x 10° M s, respectively, at —85°C.
When C,D;OD (fully deuterated phenol) was employed instead of C;H;OH, there was
an appreciable amount of kinetic deuterium isotope effect (KIE = 2.2); k. = 9.2 X
107 s7' V8. kgpypy = 4.2 x 107 57" (Figure 1-6).

In(A-Ay)

0 1000 2000 3000
Time/s

Figure 1-6. Pseudo-first order plots for the reaction of 2°* (0.2 mM) with
CH;OH (300 mM, O) and C,D;OD (300 mM, []) in acetone at —85°C.

Formation of the copper(Il)-phenolate complexes suggests that the reaction involves
a simple acid-base reaction between the phenol substrate *ArOH and the superoxide
ligand (O,™) in 2°* to generate the copper(Il)-phenolate complex, *ArO-Cu", and HO,",
the later of which may rapidly disproportionate into (1/2)O, and (1/2)H,0O, (Scheme 1-4,
R = *Ar). This was confirmed by iodometric detection of H,O, in a 49 % yield based

on 2°%,
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-28 F 2,4-di-tBu
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Figure 1-7. Plots of logk, against pK, of *ArOH (X = CI, F, ‘Bu and 2 4-di
‘Bu) for the reactions of 2°* (0.2 mM) with *ArOH in acetone at —85°C.
Slope = —0.18. The pK, values in H,O are taken from the literature: QSAR
Comb. Sci. 2007, 26,385-397.

If the proton transfer from the phenol substrate to the superoxide ligand occurs via a
simple bimolecular reaction, the rate constant k, should increase as the pK, of phenols
decreases (as the acidity of phenols increases). Such a rate-dependence on the pK,
values was actually observed as shown in Figure 1-7, although the correlation is not so
good. In support of this mechanism, addition of a stronger acid such as acetic acid
(AcOH) to the superoxide complex 2° rapidly afforded the copper(I)-acetate complex
2%%¢ and H,0, (~50 %) (Scheme 1-4, R = Ac). Furthermore, a largely negative AS™
value (=143 + 3 J K" mol™") was obtained in the Eyring plot analysis shown in Figure

1-4, which also supports the bimolecular reaction.

Scheme 1-4

[LCul(O,)]* + ROH —— > [LCUlOR)]* + HOy’

20, (R =XAr or Ac) 90R

HOy — > 1/20, + 1/2 H,0,
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A simple hydrogen atom transfer (HAT) mechanism from the phenol substrate by the
superoxide complex may be ruled out, since the putative copper(Il)-hydroperoxide
complex 2°°" was not detected during the course of the reaction, and no phenoxyl

radical coupling dimer product was obtained after the reaction (vide ante).

AS¥ =_143 £ 3 T K~! mol!
-7t AH* =4232+0.6 kJ mol™!

4.8 5.0 5.2 5.4 5.6
103 T-1/ K1

Figure 1-4. Eyring plot for the reaction of 2°* (0.2 mM) with ¥°ArOH in

acetone.

Reaction with Phosphine and Sulfide.  The reaction of 2°* with triphenylphosphine
derivatives was studied in order to examine the oxo-transfer ability of the superoxide
complex. Figure 1-5 shows a spectrum change for the reaction of 2% with
tris(4-methylphenyl)phosphine P(Ar'**), as a typical example, where the decrease of the
LMCT bands due to 2°* obeys first-order kinetics in the presence of a large excess of

the substrate.
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Figure 1-5. The UV-vis spectral change for the reaction of 2°% (0.2 mM)
with P(Ar'); (4.0 mM) in acetone at -85 °C. Each spectrum was taken

at 200 s intervals. Inset: Plot of k,, against the substrate concentration.

obs

A plot of the observed first-order rate constants against the substrate
concentration gave a straight line passing through the origin, from which the
second-order rate constant was determined from the slope (Figure 1-5, Inset,
Table 1-2). In the preparative-scale reaction, the corresponding phosphine oxide
was obtained in a 86 % yield based on 2°? ("H-NMR yield). The reactions of a
series of p-substituted-triphenylphosphine derivatives P(Ar*), (Y = OMe, H, F,
and Cl) were also examined in order to get insight into the reaction mechanism,
and the second-order rate constants thus obtained are listed in Table 1-2. In this
case, the plot of logk, against the Hammett constant o, provides a linear
correlation with a negative slope (p = —4.3, Figure 1-6). This suggests that the

superoxide complex also has an electrophilic character in nature.

Table 1-2. The Second-order Rate Constants for the Reaction of 2°° with
P(Ar"), in Acetone at -85 °C

p-substituent OMe Me H F Cl

10°k, /M s 64 +1 42+0.8 72+0.1 1.5+£09 0.67+0.004
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Ingz

Figure 1-6. Hammett plot for the reaction of 2°% with P(Ar"), with in

acetone at —85 °C.

Recently, Nam and coworkers reported the oxygen atom transfer (OAT)

reaction from a chromium(III)-superoxide complex supported by a macrocyclic
TMC ligand, [Cr'™(O,")(TMC)(CD]*, to triphenylphosphine, where they confirmed
generation of [Cr"(O)(TMC)(CI)]* together with triphenylphosphine oxide as
the products.” These products may be produced by homolytic O-O bond
cleavage from a (TMC)(C)Cr"'-O—O-"PPh, adduct intermediate.”” If the OAT
reaction from 2°% to P(Ar"), proceeds in a similar manner, a Cu"-O" intermediate
(Type D in Scheme 1-1) might be generated. However, such a reactive
intermediate could not be detected in the present reaction.
The reaction of 2°% with thioanisole (PhSMe) was also examined. In this case,
however, no oxygenation product (Ph(Me)SO) was obtained, but 2°* was
converted to the copper(I) stating material as shown in Figure 1-7. The result
can be explained by the mechanism shown in Scheme 1-5. The O,-bindng to the
copper(I) complex 1 is reversible as demonstrated in our previous study,” and
addition of PhSMe to LCu' competes with the O,-bindng. A similar phenomenon
was observed in the reaction of a superoxide copper(Il) complex supported by
HIPT,tren and PhSMe .**
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Figure 1-7. (A) The UV-vis spectral change for the reaction of 2°* (0.2
mM) with thioanisole (100 mM) in acetone at —60 °C. (B) The UV-vis
spectral change for the reaction of regeneration of 2°? (0.2 mM) in acetone
containing thioanisole (100 mM) at -85 °C.
Scheme 1-5
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[LCu* + O, < > [LCuT(O,~)]*
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S
fast /
S: Substrate
\]
[LCul(S)I*
Conclusion

In this study, the reactions of 2°% with a series of external substrates were examined in
order to evaluate the intrinsic reactivity of the superoxide complex supported by the
tridentate ligand L (Chart 1-1). Based on the reactivity of 2°* with a series of
one-electron reductants with various E,_, the reduction potential of 2°* was estimated to
be E, 4= (0.19 £ 0.07) V vs. SCE. In the reaction with hydrogen atom donor such as
TEMPO-H, a simple HAT (hydrogen atom transfer) reaction proceeded to give the

corresponding hydroperoxide complex LCu"-OOH (2°°"). In this case, intramolecular
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ligand hydroxylation did not proceed. On the other hand, the reaction with phenols
(*ArOH) gave the corresponding phenolate adducts LCu"-O*Ar instead of 2°°%.
Kinetic analysis has suggested an acid-base reaction between 2°* and *ArOH. The
reaction of 2°% with a series of triphenylphosphine derivative gave the corresponding
triphenylphosphine oxides via an electrophilic ionic substitution mechanism with a
Hammett value p = —4.3. In this case, Cu"-O" type intermediate may be generated by
the O—O bond homolysis from a putative Cu"-O-O-"PPh, adduct intermediate.

It is interesting to note that the reactivity of 2°% is quite different from that of
(TMG;tren)Cu"-O0O". The superoxide complex 2°* itself can induce intramolecular
aliphatic ligand hydroxylation, whereas no ligand hydroxylation product is obtained
from the hydroperoxide complex 2°°" (Scheme 1-3a). On the other hand, the
superoxide complex (TMG;tren)Cu"-OO" does not give any ligand hydroxylation
products, but the hydroperoxide complex (TMG,tren)Cu"-OOH does (Scheme 1-3b).
Furthermore, the reaction of (TMG,tren)Cu"-OO" with phenol derivatives causes HAT
reaction to provide several oxidation/oxygenation products from the phenol substrates
in addition to the ligand hydroxylation product.”® On the other hand, the reaction of

204t These differences in

2°% and phenols simply affords the phenolate adducts
reactivity between 2% and (TMG;tren)Cu"-OO" could be attributed in part to the
difference in the coordination number and geometry (four-coordinate/tetrahedral vs.
five-coordinate/trigonal bipyramidal) as well as to the difference in the kind of donor
atoms (alkylamine and pyridine nitrogen atoms vs. imine (guanidine) nitrogen atoms).
Such ligand effects on the reactivity of the superoxide complexes should be considered

in the mechanistic studies of the copper monooxygenases.
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Chapter 2 Reactivity of Copper(II)-Alkylperoxide Complexes

Introduction

Alkylperoxide complexes of transition-metal ions (M-OOR; M = transition-metal ion, R
= alkyl group) have attracted much attention due to their strong relevance to biological

and catalytic oxidation reactions.'?”

Among the series of M-OOR, the non-heme iron
complexes have been extensively studied by Que and coworkers * and by other research
groups, ° providing profound insights into the catalytic mechanism of iron-containing
monooxygenases and iron-catalyzed hydrocarbon oxygenation reactions.”” In most
cases, Fe''=0 and/or Fe"=0 species generated by homolytic or heterolytic O—O bond
cleavage of Fe"-OOR have been invoked as the key reactive intermediate. Thus,
Fe""-OOR has been considered as a precursor of reactive iron-oxo species but not itself
actively responsible for hydrocarbon oxidation.

Alkylperoxide complexes of copper may also be important active-oxygen species
because copper ions are widely used to initiate lipid peroxidation in model systems,
particularly for the study of low density lipoprotein (LDL) oxidation.® In the presence
of a suitable reducing agent for Cu", such as ascorbic acid or a-tocopherol, peroxidation
is believed to involve the reductive decomposition of preformed lipid hydroperoxides
(ROOH) to alkoxyl radicals (ROe) by the reduced metal ion (eqn 1). Peroxidation of
the parent polyunsaturated fatty acid (RH) is then initiated by hydrogen atom

abstraction, the process being propagated through oxygenation reactions (eqns 2-4).

Cdw + ROOH — Cu" + RO + OH (1)

RO + RH — ROH + Re 2)
Re + O, — ROOe 3)
ROOs +RH — ROOH + Re 4)

Copper(Il) ions can also induce lipid peroxidation in the absence of an additional

reducing agent. It has often been assumed that this involves the reduction of Cu" by a
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preformed lipid hydroperoxide (eqn 5), resulting in the generation of a peroxyl radical
(ROOe), which may then initiate further cycles of peroxidation (eqn 4).* An
alternative explanation for the ability of Cu" to induce lipid peroxidation in the presence
of a lipid hydroperoxide, but not a reducing agent, involves the oxidation of Cu" by the
hydroperoxide, forming Cu™ and an alkoxyl radical (eqn 6).” However, the likelihoods
of these reactions (eqns 5 and 6) have only been discussed from the viewpoint of outer
sphere electron/proton-transfers based on the redox potentials of the metal ions and
ROOH; no attention has been paid to inner sphere redox reactions involving adducts
between Cu" and ROOH.*

Ci@w + ROOH — Cu + ROOe + H' &)
Ci + ROOH — Cu"™ + RO + OH (6)

Copper has long been recognized as a key element in oxygen activation chemistry
both in biological and catalytic oxidation reactions.'”"'  The structures,
physicochemical properties, and reactivities of a variety of mononuclear, dinuclear, and
multinuclear copper active-oxygen complexes have been explored in detail to date,
shedding light on the mechanism of copper monooxygenases and copper-catalyzed
oxidation reactions.”” Among copper active-oxygen complexes, however, little has
been explored with respect to the physicochemical properties and reactivities of
copper(Il)-alkylperoxide complexes, which could be key reactive intermediates in the
above reactions (eqns 1, 5 and 6). Copper(Il)-alkylperoxide complexes could also be
precursors of mononuclear Cu"—Oe species, which have been invoked as key reactive
intermediates in many biological and industrial oxygenation reactions."

Structural and spectroscopic characterization of a copper(ll)-alkylperoxide complex
LCu"-OOR was first accomplished by Kitajima and coworkers using
hydrotris(pyrazolyl)borate ligand, L = HB(3,5-i-Prpz),."* The reactivity of the
tert-butyl-hydroperoxide derivative (R = ‘Bu) toward some organic substrates was
briefly examined to demonstrate that the reactions mostly involved an
auto-oxidation-type free-radical mechanism induced by the Cu—-O and O-O bond
homolytic cleavage of LCu"-OOBu."™ However, further studies on the intrinsic
reactivity of copper(Il)-alkylperoxide complexes with different supporting ligands had

not been reported until recently. In this respect, we have recently investigated the
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reactivity of the mononuclear copper(I1l)-cumylperoxide complex (R = C(Me),Ph (Cm))
supported by a bis(pyridin-2-ylmethyl)amine tridentate ligand (L) to demonstrate that
C-H bond activation of external substrates could occur via O—O bond homolysis of the
cumylperoxide species.” In this study, the author and his co-workers have further
investigated the reactivity of LCu"-OOR supported by the bis(pyridin-2-ylmethyl)amine
(bpa) tridentate and tris(pyridin-2-ylmethyl)amine (tpa) tetradentate ligands (Chart 2-1)
to gain more insights into ligand effects on the reactivities of the

copper(Il)-alkylperoxide species.

N
N _~
N |N\ N~ |N\
% F# 7 A
I |
~_N ~_N
pa a

b tp

Chart 2-1.  Structures of bpa and tpa ligands

Experimental

Reagents

The reagents and the solvents used in this study, except the ligands and the copper
complexes, were commercial products of the highest available purity and were further
purified by standard methods, when necessary.'” Ligands bpa and tpa,” and their
copper(Il) complexes [Cu"(bpa)(CH,CN),](ClO,), (1a)'®and [Cu"(tpa)(CH,CN)](CIO,),
(1b)," were prepared according to the reported procedures. Cumene hydroperoxide
(CmOOH) used in this study was prepared by a reported procedure™ and purified by
silica gel column chromatography (eluent: AcOEt-Hexane). '*O-labeled (Cm'*O'*OH)
was synthesized using '*O, instead of '°O, by the same procedure.”

Physical methods

UV-visible spectra were taken in acetonitrile or in propionitrile on a Hewlett Packard
8453 photodiode array spectrophotometer equipped with a Unisoku thermostated cell

holder designed for low temperature measurements (USP-203). '"H-NMR spectra were
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recorded on a JEOL ECP 400, a JEOL ECS 400 or a Varian UNITY INOVA 600MHz.
EPR spectra were recorded on a BRUKER E-500 spectrometer at —196 °C equipped
with a variable temperature cell holder or a JEOL JES-FA100. A Mn"-maker was
used as the reference, and experimental errors in the EPR parameters (g values) is
+0.001. Mass spectra were recorded with a JEOL JMS-700T Tandem MS station or a
JEOL JMS-700. ESI-MS (electrospray ionization mass spectra) measurements were
performed on a PE SCIEX API 150EX. Resonance Raman scattering was excited at
406.7 nm from Kr* laser (Spectra Physics, BeamLok 2060), or 441.6 nm from He-Cd
laser (KIMMON KOHA, K5651R). Resonance Raman scattering was dispersed by a
single polychromator (Ritsu Oyo Kogaku, MC-100) and was detected by a liquid
nitrogen cooled CCD detector (HORIBA JOBIN YVON, Symphony 1024 x 128
Cryogenic Front Illuminated CCD Detector). The resonance Raman measurements
were carried out using a rotated cylindrical cell thermostated at —80°C or a rotating
NMR tube (outer diameter = 5 mm) thermostated at —40 °C by flashing cold nitrogen
gas. A 135°back-scattering geometry was used.

Kinetic measurements

Kinetic measurements for the reaction of copper(Il) complexes 1a and 1b with cumene
hydroperoxide were performed using a Hewlett Packard 8453 photodiode array
spectrophotometer equipped with a Unisoku thermostated cell holder designed for low
temperature measurements (USP-203, a desired temperature can be fixed within +
0.5 °C) in acetonitrile at 40 °C. To an acetonitrile solution of the copper(Il) complex
(1.0 mM) in a 1.0 cm path length UV-vis cell closed with a rubber septum cap, an
acetonitrile solution of CmOOH was added using a microsyringe through the rubber
septum cap. Then, an acetonitrile solution of Et;N was added using a microsyringe
under anaerobic conditions to initiate the reaction. The reaction was monitored by
following an increase of the characteristic absorption band due to the
Cu"-cumylperoxide complex LCu"-OOCm (2a and 2b). The pseudo-first-order rate
constants for the formation and decomposition processes of LCu"-OOCm were
determined from the plots of In(4A) vs. time based on the time course of the absorption

change at the A, of LCu"-OOCm. The self-decomposition of 2a and 2b was

examined at 60 °C.
The reactions of LCu"-OOCm with external substrates were examined at 30 °C.

Thus, the cumylperoxide copper(Il) complex (2a or 2b) was first generated in sifu at
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—40 °C as described above, and then the solution was warmed up to 30 °C. The
reaction of LCu"-OOCm and the external substrate was initiated by adding an excess
amount of 1,4-cyclohexadiene (CHD) using a microsyringe under anaerobic conditions.
The first-order rate constants (k,,) were determined by following a decrease in the
absorption band due to the peroxide complex.

Product analysis

Decomposition products derived from cumene hydroperoxide and oxidation products of
the substrates were analyzed by using a HPLC system consisting of a Shimadzu LC-6A
chromatographic pump and an on-line Shimadzu UV-vis spectrophotometric detector.
Reverse phase chromatography was performed on an ODS column (Cosmosil
5Cs-AR-II, 250 mm x 4.6 mm, Nacalai tesque) at room temperature with an
acetonitrile-water (60 : 40) mixed solvent as mobile phase at a constant flow rate of 0.5
mL min™'. The yields of products were determined by comparing the integrated peak
areas of the products with that of the internal standard (anisole) using calibration lines.

Self-decomposition. Cumylperoxide copper(Il) complex 2a or 2b was generated
in situ in a UV-vis cell by the consecutive addition of cumene hydroperoxide (1.0 mM)
and Et;N (1.0 mM) to an acetonitrile solution of 1a or 1b (1.0 mM) at —40 °C, and the
mixture was warmed up to 60 °C. Then, the self-decomposition reaction was followed
by monitoring the decrease in the LMCT absorption bands due to 2a or 2b. After
cooling the solution to room temperature, anisole (1.0 mM) was added as an internal
standard, and then the products from CmOOH were analyzed using the HPLC sysetm
mentioned above.

Oxidation of CHD. Cumylperoxide copper(Il) complex 2a or 2b was generated
in situ in a UV-vis cell (1.0 cm path length) by the consecutive addition of cumene
hydroperoxide (1.0 mM) and Et;N (1.0 mM) to an acetonitrile solution of 1a or 1b (1.0
mM) at —40 °C, and then solution was warmed to 30 °C. An excess amount of
substrate was added to the solution, and the reaction was followed by monitoring the
decrease in the LMCT absorption band due to 2a or 2b. After cooling the solution to
room temperature, anisole (1.0 mM) was added as an internal standard, and the products
from CmOOH and CHD were analyzed by using the HPLC system mentioned above.
Computational methods
All geometries were fully optimized at the M06-L level of density functional theory™
using the Stuttgart [8s7p6d | 6s5p3d] ECP1IOMWB contracted pseudopotential basis set
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on Cu* and the 6-31G(d) basis set* on all other atoms. In addition, 3 uncontracted f
functions having exponents 5.100, 1.275, and 0.320 were placed on Cu. The grid =
ultrafine option (in Gaussian 09**) was chosen for integral evaluation and an
automatically generated density-fitting basis set was used within the
resolution-of-the-identity approximation for the evaluation of Coulomb integrals. The
nature of all stationary points was verified by analytic computation of vibrational
frequencies, which were also used for the computation of zero-point vibrational
energies, molecular partition functions (with all frequencies below 50 cm™ replaced by
50 cm™' when computing free energies), and for determining the reactants and products
associated with each transition-state structure (by following the normal modes
associated with imaginary frequencies). Partition functions were used in the
computation of 298 K thermal contributions to free energy employing the usual
ideal-gas, rigid-rotator, harmonic oscillator approximation.”>  Solvation effects
associated with acetonitrile as solvent were accounted for by using the SMD continuum

solvation model.”®

Free energy contributions were added to single-point MO06-L
electronic energies computed with the SDD basis set on Cu and the 6-311+G(2df, p)
basis set on all other atoms to arrive at final, composite free energies. Standard-state
free energies for complexes including explicit MeCN solvent molecules include a
correction for the molarity of liquid acetonitrile.

The O-O bond cleavage transition state geometries are associated with electronic
structures that are not well described by a single determinant. In such instances,

2527

standard Kohn-Sham DFT is not directly applicable,””" and the author and his

co-workers adopt the Yamaguchi broken-spin-symmetry (BS) procedure® to compute

the energy of the spin-purified low-spin (LS) state as

)b () )
e)-)

where HS refers to the single-determinantal high-spin coupled state that is related to the

BS _HSg

LSp _

(7

low-spin state by spin flip(s) and < S* > is the expectation value of the total spin
operator applied to the appropriate determinant. This broken-symmetry DFT approach

has routinely proven effective for the prediction of state-energy splittings in metal
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coordination compounds.”’  Time-dependent density functional theory (TDDFT)
calculations were performed to predict the UV/visible electronic excitations of
postulated intermediates. The B98 density functional,” the Stuttgart [8s7p6d | 6s5p3d]
ECP10MWB contracted pseudopotential basis set on Cu, and the 6-311+G(d) basis set™
on all other atoms were used for the TDDFT calculations with non-equilibrium
solvation effects computed using the SMD continuum solvation model for acetonitrile

as solvent.’!

Results and discussion

Characterization of copper(Il) alkylperoxide complexes.

The bpa ligand system

The alkylperoxide copper(Il) complexes were generated in situ by the reaction of
copper(Il) precursor complexes with cumene hydroperoxide (PhC(Me),O0OH; CmOOH).
Figure 2-1a shows the spectral change for the reaction of [Cu"(bpa)(CH,CN),](ClO,),
(1a, 1.0 mM) and CmOOH (4 eq) in CH;CN at —40 °C in the presence of 10 equiv of
triethylamine (Et;N), where a characteristic absorption band at 388 nm (¢ = 1530 M
cm™ ) due to ligand to metal charge transfer (LMCT) transition and a relatively weak
band at 560 nm (¢= 178 M™' cm™)** appear together with a d-d band at 700 nm (& =
123 M ¢cm™). The generated species was stable for several hours even at room
temperature. The apparent binding constant K, ,, of CmOOH to 1a was determined by
the titration in CH;CN at —40 °C in the presence of Et;N (10 mM) as shown in Figure
2-S1b, and a plot of (A — Ay)/(A,,— A) against [[CmOOH],—[Cu],(A — A,) /(A..— Ay)]
based on the absorption change at 388 nm gave a linear correlation, from which K,

was determined to be 7.1 x 10° M™" as the slope (Figure 2-1b, Inset).”

38



2.0
(b) o 0O O O
o
15} ¢)
o
o}
O 3
8
5 g1.0¢ o °
5 8 g°
8 < o <
o =
< 3
<
= (6}
05t o , )
L S —
[] 2 4 6 8 10
0 = 0 104{[CmOOH],—[Culy(A-Ag)/(A—Ag)} /M
300 400 500 600 700 800 0 1 2 3 4
Wavelength /nm [CmOOH] /mM

Figure 2-1. (a) Spectral change for the reaction of 1a (1.0 mM) with
CmOOH (4.0 mM) in the presence of Et;N (10 mM) in CH,CN at —40°C.
(b) Spectrophotometric titration for the formation of cumylperoxide
copper(Il) complex from the reaction of 1a (1.0 mM) and CmOOH in the
presence of Et;N (10 mM) in CH,CN at —40°C. Inset: Plot of (A —
Ay)/(A.—A) against [CmOOH],—[Cu],(A-A,)/(A.—A,)].

The ESI-MS (electrospray ionization mass spectrum) of the solution exhibited a
prominent ion peak at a mass-to-charge (m/z) ratio of 503.3 (Figure 2-2a, EXP), whose
mass and isotope distribution pattern were consistent with the chemical formula of
[Cu(bpa)(0,Cm)]* (calculated m/z = 503.3) (Figure 2-2a, SIM). When Cm'*O,H was
used instead of Cm'°0,H, the peak position shifted to 507.3 (4 mass unit shift) as shown
in Figure 2-2b. These results unambiguously indicate the formation of cumylperoxide

copper(Il) complex 2a (Scheme 2-1).
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Figure 2-2. Experimental (EXP, bottom) and simulated (SIM, top) peak

envelopes in the positive-ion ESI-MS spectra of the product derived from
the reaction of 1a (1.0 mM) with CmOOH (1.0 mM) in the presence of Et;N
(1.0 mM) in CH,CN at —40°C, (a) with Cm'°O,H and (b) with Cm"*O,H.

Scheme 2-1

In the resonance Raman spectrum shown in Figure 2-3, there are isotope sensitive
Raman bands at 864, 828, 588, and 526 cm™', which shifted to 842, 793, 581, and 508
cm™', respectively, upon '*O-substitution using Cm'O'OH. Appearance of the

multiple resonance Raman bands and their associated isotope shifts (Av =22,35,7, and
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18 ¢m™) are similar to those reported from the resonance Raman studies of the
cumylperoxide copper(Il) complex supported by the bis(2-pyridinylmethyl)amine
tridentate ligand and the hydrotrispyrazolylborate ligand."*™" By analogy to those
detailed Raman studies and based on comparisons to vibrational spectra computed for
[Cu(bpa)(0,Cm)]", the bands in the 800 cm™ region of 2a can be assigned to mixed
0-0/C-O/C-C vibrations of the cumylperoxide group, the band at 508 cm™ to the
Cu-O stretching vibration, and the additional 581 cm™ bands of 2a can be assigned to

the C—C-O deformation mode of the alkylperoxide moiety.
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Figure 2-3. Resonance Raman spectra of 2a derived from the reaction of
la (4.0 mM) with CmOOH (12 mM) in the presence of Et;N (4.0 mM)
generated by using Cm'°O,H (solid line, below) and Cm'*O,H (doted line,
above) obtained with A, = 441.6 nm in CH,CN —40°C; s denotes the solvent
band.

The EPR spectrum of 2a is shown in Figure 2-4b, which clearly indicates a tetragonal
geometry of the copper(Il) center (g, = 2.226, g, = 2.064, A, = 192 G). We have
already  determined the crystal structure of the starting material
[Cu"(bpa)(CH,CN),](C10,), (1a), which exhibits a five coordinate square pyramidal
geometry (7 = 0.07) (see left Figure in Scheme 2-1, for detailed crystal structure, see
reference paper'). Judging from the EPR data shown in Figure 2-4a (g, = 2.222, g,
=2.071,A,=176 G), complex 1a may have a similar square pyramidal structure having

two solvent molecules as the external co-ligands in the axial and equatorial positions in
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CH,CN. In 2a, the solvent molecule in the equatorial position may be replaced by the
peroxide ligand to form a five coordinate square pyramidal structure (Scheme 2-1).
The mononuclearity of 2a was confirmed by spin quantification using EPR spectrum
(98 % spin remained). In spite of our great efforts, however, single crystal of 2a has

yet to be obtained.
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Figure 2-4. (a) EPR spectrum of la (starting material) (2.0 mM) in
CH,CN at —196°C. EPR parameter g, = 2.222, g, =2.071,4,=176 G.
(b) EPR spectrum of 2a generated by the reaction of 1a (2.0 x 10°M) and
CmOOH (2.0 x 107 M) in the presence of Et;N (2.0 x 10~ M) in CH,CN at
—196°C. EPR parameters g, =2.216,g, =2.064,A4,=192G.

It is interesting to note that the UV-vis spectrum of 2a changes dramatically
depending on the temperature as shown in Figure 2-5. The A_,, at —90 °C is 380 nm
and shifts gradually to 405 nm as the temperature goes up to 10 °C (the spectral
measurement was carried out in propionitrile instead of acetonitrile, since the melting
point of the former solvent is much lower than that of the latter one). Simultaneously,
the absorption at 560 nm becomes more intense and that at 700 nm becomes less intense.

This temperature dependent spectral change is reversible.
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Figure 2-5. Temperature dependent UV-vis spectral change of 2a (1.0
mM) in propionitrile from —90 °C to 10 °C. Inset: temperature dependent
absorption change at 380 nm.

Scheme 2-2
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The author and his co-workers attribute this spectral change to an equilibrium
association/dissociation of a MeCN solvent molecule as illustrated in Scheme 2-2. At
lower temperature, the 5-coordinate square pyramidal structure having an
n'-alklyperoxide ligand at the equatorial position and the solvent molecule as an axial
ligand predominates as illustrated in Scheme 2-2. When the temperature is raised, the
coordinated MeCN dissociates from the complex to give a 4-coordinate cumylperoxide
copper(Il) complex. DFT calculations indicate that at -90°C (lower temperature) the
two structures have approximately equal free energies whereas at 10°C (higher

temperature) the 4-coordinate cumylperoxide copper(Il) complex with a square planer
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structure and free MeCN is preferred by about 4 kcal/mol. Consistent with this
analysis, TDDFT calculations indicate an LMCT transition at 561 nm for the
4-coordinate complex, but no absorption in the 700 nm region, while for the
S-coordinate acetonitrile complex an absorption is predicted at 716 nm with no
predicted transition in the 560 nm region having any significant intensity. Both
structures are also predicted to have intense LMCT transitions near 400 nm, but that for
the 5-coordinate complex is predicted to be 30 nm to the red of the 4-coordinate
complex, which is contrary to what is observed experimentally. However, it must be
noted that the positions of the A, values in the experimental spectra may be influenced
by the tails of very intense absorptions further to the blue that are not practical to
include in the TDDFT calculations. Because it is much easier to distinguish accurately
between the behavior of the 560 nm and 700 nm peaks than between peaks having a
nominal separation of 25 nm in the blue region of the spectrum, the author and his
cO-workers consider their invocation of a solvent coordination equilibrium to be
reasonably secure.

The larger A, value of 2a in the EPR spectrum may also support our proposal.
Namely, the large A, value of 2a (192 G) as compared to that of 1a (176 G) can be
attributed to the partial dissociation of the solvent molecule MeCN, making the

contribution of d,, ,, ground state larger.

The tpa ligand system

Cumylperoxide copper(Il) complexes 2b of the tetradentate ligands tpa can be generated
in a similar manner, and the spectral data such as UV-vis and resonance Raman are
summarized in Table 2-1. The UV-vis, resonance Raman and EPR spectra themselves

are presented in Figures S1~S4.

Table 2-1. The apparent formation constant K,,, and UV-vis and resonance Raman

data of the cumylperoxide copper(Il) complexes

UV-vis Resonance Raman
Complex
Ao M (6, M cm™) v (Av(**0-"0)),cm™
2a 388 (1530), 560 (178), 700 (123) | 526 (18), 588 (7), 828 (35), 864 (22)
2b 430 (617),690 (173),790 (169) 535 (7), 607 (18), 832 (35), 879 (21)
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The copper(Il) complex 2b supported by the tetradentate ligand (tpa) gave an
alkylperoxide-to-copper(Il) charge transfer (LMCT) band at 430 nm (¢=617 M "' cm™)
and d-d bands at 690 nm (¢ = 173 M cm™) and at 790 nm (¢ = 169 M cm™)
(Figure 2-S2; TDDFT predicts separate absorptions at 708 and 734 nm).” The two
distinct d-d bands at the longer wavelength region are a typical spectral feature of the
copper(Il) complexes having a trigonal bipyramidal structure. Thus, 2b may also have
a trigonal bipyramidal structure as in the case of the starting copper(Il) complex
(Scheme 2-3).

Scheme 2-3
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The generated cumylperoxide complex 2b was also stable for several hours even at
room temperature. Then, the apparent binding constant K,,, of CmOOH to 1b was
determined as 7.5 x 10* M by the titration in CH,CN at —40 °C in the presence of Et;N
(10 mM) as shown in Figure 2-S1.** In this case, no temperature dependent spectral
change was evident in the UV/Vis absorption spectra. This result also supports our
interpretation of the temperature dependent solvent association/dissociation equilibrium
in the tridentate bpa ligand system shown in Scheme 2-2, since in the tetradentate tpa
system there is no vacant coordination site for MeCN solvent binding.

The ESI-MS of the titration solution exhibited a prominent ion peak at a
mass-to-charge (m/z) ratio of 504.2 (Figure 2-S2a, EXP), whose mass and isotope
distribution pattern were consistent with the chemical formula of [Cu(tpa)(O,Cm)]*
(calculated m/z = 504.2) (Figure 2-S2a, SIM). When Cm'®*0'®*OH was used instead of
Cm'°0'°OH, the peak position shifted to 508.2 (4 mass unit shift) (Figure 2-S2b).
These results unambiguously confirmed the formation of cumylperoxide copper(Il)

complex 2b.
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In the resonance Raman spectrum shown in Figure 2-S3, there are isotope sensitive
Raman bands at 879, 832, 607, and 535 cm™, which shifted to 858, 797, 589, and 528
cm™' upon '"*O-substitution using Cm'*0"OH. Judging from the resonance Raman
band abound 850 cm™', the O—O bond in the tetradentate tpa ligand system is somewhat
stronger than that in the tridentate bpa ligand system (see Table 2-1). This is also
reflected in the lower reactivity of 2b as compared to 2a as discussed below.

Complex 2b exhibited a rather featureless isotropic EPR spectrum as shown in Figure
2-S4b, which is nearly identical to the EPR spectrum of 1b (starting material, Figure
2-S4a). Thus, the trigonal bipyramidal structure of 1b is maintained in the
cumylperoxide complex 2b as indicated in Scheme 2-3. In spite of our great efforts,
however, single crystal of 2b has yet to be obtained. The mononuclearity of 2b was
also confirmed by spin quantification using EPR spectrum (100 % spin remained).

Recently, Nam and coworkers reported a similar cumylperoxide copper(Il) complex
supported by hexamethyl-tren ligand (Me,-tren).”* The complex exhibits similar
spectroscopic characteristics (UV-vis, ESI-MS and resonance Raman) to those of 2b,
suggesting a similar trigonal bipyramidal structure. However, their alkylperoxide
complex does not exhibit any reactivity toward external substrates, being in sharp

contrast to our complex 2b (see below).”

Reactivity of the copper(Il) alkylperoxide complexes.

Self-decomposition in CH;CN

The cumylperoxide copper(Il) complexes were relatively stable at room temperature but
gradually decomposed at higher temperature (Table 2-2). Figure 2-6 shows the
spectral change of the self-decomposition of 2a in CH;CN at 60 °C to give a copper(1l)
compound having a weak band at 580 nm (¢= 118 M™' cm™). The reaction obeys
first-order kinetics as shown in the inset of Figure 2-6 (Ky. . = 9.6 X 107 s™"). ESI-MS
analysis of the final reaction solution indicated formation of [Cu"(bpa)(CN)]* as a major
product complex as shown in Figure 2-S5; HPLC analysis of the organic products
demonstrated formation of acetophenone (PhCOMe) and cumyl alcohol (CmOH) in
76 % and 15 % yields, respectively.
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Figure 2-6. Spectral change for the self-decomposition of 2a in
acetonitrile (1.0 mM) at 60°C. Inset: first-order plot based on the
absorption change at 405 nm.

It has been reported that the products obtained from a cumylperoxide complex largely
depend on the O-O bond cleavage pattern (Scheme 2-4). If homolytic O-O bond
cleavage occurs (path a), acetophenone (PhCOMe) is produced from cumyloxyl radical
via f-scission releasing methyl radical (CH;*). In contrast, heterolytic O—O bond
cleavage (path b) gives cumyl alcohol (CmOH) after oxyanion protonation.” Thus,
formation of PhCOMe as the major product (76 %) suggests that self-decomposition of
2a mainly involves O-O bond homolysis (path a). However, the formation of CmOH
as the minor product (15 %) could be interpreted to indicate that the heterolytic O-O
bond cleavage (path b) might also occur as a minor pathway. However, one would
expect O—O bond heterolysis to be thermodynamically unfavorable due to instability of

the generated LCu"-O" species.
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Scheme 2-5
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An alternative interpretation is that CmOH is produced from cumyloxyl radical
(CmOe) via direct hydrogen atom abstraction from the solvent (path d, Scheme 2-5),
which may compete with the B-scission of CH,e (path ¢). It should be mentioned here
that the decay process of 2a exhibited a distinct solvent kinetic deuterium isotope effect
(KIE) of 2.9 (k... =9.6 x 107 s, k,..” = 3.3 x 107 s™'), when the reaction was carried
out in CD;CN. Thus, the O—O bond homolysis (path a) might be associated with the
hydrogen atom abstraction from the solvent as indicated in Scheme 2-5. Generated
solvent radical *CH,CN may be trapped by the generated LCu"-OH to give
LCu"-OCH,CN, which is further converted to LCu"-CN (as detected by ESI-MS) and
HCHO. The author and his co-workers examine these issues in additional detail below
in our DFT-based mechanistic analysis.

The cumylperoxide copper(Il) complex 2b also decomposed at 60 °C to give
PhCOMe as the major product (~85 %) together with CmOH as the minor one (~15 %).

In these cases as well, the cyano complex [Cu"(tpa)(CN)]* was detected from the final
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reaction mixture by ESI-MS. The decomposition rate kg, of 2b (3.5 x 107 s7') was
smaller than that of 2a (9.6 x 107 s™), which is consistent with the fact that the O-O
bond of the former is stronger than that in the later as suggested by the resonance
Raman data shown in Table 2-1. In this case as well, a solvent KIE of 2.1 (k,..” = 1.7
x 107 s') was obtained, suggesting a similar hydrogen atom abstraction from the

solvent concomitant with the O—O bond homolysis.

Table 2-2. Rate constant (k) and products of self-decomposition of cumylperoxide

copper(Il) complexes in CH,CN at 60°C

Complex Ky, s™ CmOH PhCOMe
2a 9.6x 107 15 % 76 %
2b 35x10° 15 % 83 %

Reaction with 1,4-cyclohexadiene (CHD)

Reactivity of the alkylperoxide copper(Il) complexes toward external substrates was
then examined in order to gain more insight into the roles of copper(1l)-alkylperoxide
complexes in the initial steps of lipid peroxidation (eqns 1, 5, and 6). In this study,
1 4-cyclohexadiene (CHD) was employed as a model substrate. Addition of CHD into
the acetonitrile solution of 2a at 30 °C under anaerobic conditions (2a was generated at
—40 °C and then warmed up to 30 °C) resulted in a decrease of the characteristic
absorption band at 405 nm assigned to 2a as shown in Figure 2-7a. The reaction
obeyed first-order kinetics in the presence of an excess amount of CHD as shown in the
inset Figure 2-7a. A plot of the first-order rate constant k., against the substrate
concentration gave a linear correlation, from which the second-order rate constant k,
was determined as 4.9 x 10> M's™ (Figure 2-7b). Since the reaction of 2a with CHD
was much faster than the self-decomposition at 30°C and the first-order rate constant
k..s exhibited first-order dependence on the CHD concentration, O—O bond cleavage of

2a is not the rate-determining step, as discussed further below.
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Figure 2-7. (a) Spectral change for the reaction of 2a (1.0 mM) and
CHD (30 mM) in CH,CN at 30 °C under anaerobic conditions; Inset: the
pseudo-first-order plot based on the absorption change at 405 nm. (b) Plot

of k .. vs substrate concentration for the reaction of 2a with CHD.
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ESI-MS analysis on the final reaction solution indicated formation of
[Cu"(bpa)(OH)]* as a major copper(II) product complex as shown in Figure 2-S6, which
was in contrast to the case of self-decomposition of 2a where [Cu"(bpa)(CN)]* was a
major product. The product distribution pattern of the organic products was also
different from that of the self-decomposition reaction. Namely, cumyl alcohol
(CmOH) became a major product (64 %), whereas acetophenone (PhCOMe) was a
minor one (32 %). Quantitative formation of benzene as the oxidation product of
CHD was also confirmed by HPLC (98 % based on 2a). In the absence of 2a, no such
reaction took place between CHD and CmOOH, confirming the participation of the
copper(Il) complex to the oxidation of CHD by CmOOH. These results suggest that
neither LCu"~O¢ nor cumyloxyl radical CmOe are fully generated by complete O-O
bond homolysis of 2a (path a) prior to possibly concerted hydrogen-atom abstraction(s)
from the substrate (CHD) (paths f and g) to give LCu"-OH and CmOH together with
benzene product (Scheme 2-6). Formation of PhCOMe as the minor product (32 %)
may also indicate that the hydrogen atom abstraction by CmOe (path g) competes to
some extent with the $-scission (path ¢) in CmQOe. In this case as well, generated CH,®

may also abstract hydrogen atom from CHD (path h).
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It has been reported that the rate of f-scission of cumyloxyl radical CmOe is ~7.5 x

10° s' in CH,CN at room temperature.”

Then, the rate constant for the hydrogen
atom abstraction from CHD by CmOe under the present reaction conditions can be
estimated as ~1.5 x 10° s™' from the product ratio of CmOH/PhCOMe = 2 (64%/32%).
Since the concentration of CHD used was 3 x 10> M, the second-order rate constant for
the hydrogen atom abstraction from CHD by CmOs is calculated to be ~5 x 10’ M s7".
The calculated second-order rate constant is very close to the reported value of ~6 x 10’
M's'

It should be noted that the observed second-order rate constant k, = 4.9 x 10> M's™
is much smaller than that of the second-order rate constant for the hydrogen atom
abstraction from CHD by CmOQe (~5 x 10’ M™' s").  This unambiguously indicates that
the rate-determining step in the oxidation of CHD by LCu"-OOCm involves some
degree of O—-O bond homolysis. Were the O—-O bond homolysis to be the only
component of the rate-limiting step, with hydrogen atom abstraction occurring after
complete O—O bond homolysis (Scheme 2-6 in the limit of a fully stepwise mechanism),
the rate constant k, would perforce be the same as the self-decomposition rate and be

independent of the CHD concentration. However, this is not the case for the present
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reaction as indicated in Figure 2-7b, where k, was much faster than the
self-decomposition at 30°C and showed a first-order dependence on CHD concentration.
Thus, it can be concluded that the O—O bond homolysis of LCu"-OOCm occurs
concomitantly with the hydrogen atom abstraction as illustrated in Scheme 2-7
(concerted mechanism). This conclusion is further supported by DFT calculations (see

below).

Scheme 2-7
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The cumylperoxide copper(Il) complex 2b supported by the tetradentate ligand tpa
also reacted with a CHD, obeying first-order kinetics at 30 °C (Figure 2-S7a), to give
CmOH as the major product (71 %) together with PhCOMe as the minor one (29 %).
The product distribution in this reaction is similar to that of 2a. The second-order rate
k, for 2b was determined as 7.9 x 10° M s (Figure 2-S7b), which was smaller than
that for 2a (4.9 x 102 M's™). This may be due to a stronger O-O bond in 2b as

compared to 2a as suggested by the resonance Raman data shown in Table 2-1.

Theoretical Modeling

Density functional theory (DFT) calculations were employed in order to assess the
structural and energetic details associated with specific microscopic steps suggested in
our various mechanistic analyses above. As noted previously, the author and his
co-workers evaluated the tendency of MeCN solvent to occupy an open coordination
site in otherwise tetracoordinate [Cu'"(OOCm)bpa]* (cf. i and ii in Figure 2-8), and they
find that at 25 °C entropy effects favor free solvent and the 4-coordinated
[Cu"(OOCm)bpa]* by about 5.1 kcal/mol, although i and ii + separated MeCN become

isoergonic at about —90 °C.
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vii viii

Figure 2-8. Ball-and-stick stereostructures for selected stationary points
on the mechanistic pathway leading to O-O bond cleavage as computed at
the MO6-L level of theory. For clarity, hydrogen atoms are not shown
other than those transferred from CHD to a peroxyl O atom. Hydrogen
atoms are white, carbon atoms are gray, nitrogen atoms are blue, oxygen

atoms are red, and copper atoms are latte.
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The author and his co-workers next considered the unimolecular O—O bond scission
mechanism implicated for the self-decomposition of ii. Transition-state (TS) structure
i1 exhibits O—O bond breakage with migration of the newly forming Cm-Oe radical to
the copper center. An analogous structure iv was also located that involves the same
reaction coordinate but includes a coordinated CH,CN molecule (included to assess its
influence on the reaction energetics). Finally, with inclusion of a molecule of solvent
CH,CN it is possible to characterize a TS structure v that involves H atom abstraction
from the CH;CN methyl group concomitant with O—O bond breakage (the H-atom
transfer takes place to the O atom of the peroxyl fragment coordinated to the Cu atom).
All  three TS structures lead to the same supported copper product,
[Cu"(OH)e«OCm]bpa]*. The free energies of activation associated with the TS
structures iii, iv, and v are all very close: 30.9, 32.1 and 32.2 kcal/mol, respectively.
This small span of activation free energies suggests that O—O bond scission and H-atom
abstraction from solvent acetonitrile should be competitive with one another, consistent
with the mixtures of cumyloxyl decomposition products described above. Providing
additional support for these two reaction paths being simultaneous, the author and his
co-workers note that they predict the semi-classical primary kinetic isotope effect (KIE)
for (H/D)-atom abstraction from CH,;CN to be 5.6. This value is larger than the
observed value of 2.9, and inclusion of quantum mechanical tunneling would be likely
to make the computed value larger still. The smaller observed KIE value may thus be
associated with substantial reactivity occurring through the O—O bond scission step,
which is insensitive to solvent isotopic composition.

With respect to the reaction of [Cu“(OOCm)bpa]* with CHD, a TS structure vi,
similar to the one depicted in Scheme 2-7, was located having a free energy of
activation of 24.7 kcal/mol. Comparing the AG' values of iii-v with that for vi
indicates that the concerted nature of the H atom abstraction from CHD reduces the
barrier associated with O—O bond scission. It also suggests that C—H bonds stronger
than that in CHD by more than 10 kcal/mol or so would be unlikely to participate in the
concerted reaction, as simple O—O bond scission would be more energetically favorable.

Similar TS structures (vii, viii) were found for the analogous tpa-supported
compounds with corresponding free energies of activation slightly higher (~ 1.0
kcal/mol) than the ones in the bpa series. This observation agrees well with the

experimental reactivity observations.
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Conclusion

In this study, the spectroscopy and reactivity of copper(ll)-alkylperoxide complexes
supported by the tridentate and tetradentate 2-pyridylmethylamine ligands (bpa and tpa)
have been explored in detail. Both complexes exhibit an intense LMCT band around
400 nm together with d-d band(s) associated with tetragonal and trigonal bipyramidal
structures, respectively (Table 2-1). The complexes also provide multiple resonance
Raman bands as indicated in Table 2-1, which have been assigned to mixed
O0-0/C-O/C-C and Cu-O vibrations and a C-C-O deformation mode of the
alkylperoxide moiety. Interestingly, the cumylperoxide copper(Il) complex 2a
supported by the tridentate bpa ligand shows thermochromic solvent
association/dissociation behavior (Figure 2-5 and Scheme 2-2).

Both cumylperoxide copper(Il) complexes 2a and 2b are fairly stable at ambient
temperature, but both decompose at a higher temperature (60 °C) in CH,CN. Detailed
product analyses and DFT studies indicate that the self-decomposition reaction involves
homolytic O-O bond cleavage of the peroxide moiety, where concomitant C—H bond
abstraction from the solvent molecule is partially involved (Scheme 2-5).

The cumylperoxide complexes react with 1,4-cyclohexadiene (CHD) to give benzene
at 30 °C. Detailed product analyses and DFT studies indicate that this reaction
involves concerted homolytic cleavage of the O—O bond and hydrogen-atom abstraction
from CHD (Scheme 2-6). DFT calculations indicate that the oxygen atom directly
bonded to the copper(Il) ion (proximal oxygen) is the one involved in the C—H bond
activation process, as illustrated in Scheme 2-7, and this prediction is consistent with
the observed distribution of possible copper and cumylperoxide products. In both the
self-decomposition and the CHD-oxidation reactions, the reactivity of 2a is higher than
that of 2b, which could be attributed to a weaker O—O bond in 2a compared to 2b, an
hypothesis further supported by the resonance Raman data (Table 2-1).

To date, alkylperoxide complexes of transition-metal ions M-OOR have been
considered as precursors of reactive metal-oxo species, but not themselves actively
responsible for hydrocarbon oxidation. However, the present study demonstrates that
C—H bond activations of solvent molecules (CH,CN) and substrates (CHD) can occur in
a concerted manner with O—-O bond cleavage. This suggests that Cu"-OOR itself can

be an oxidant for hydrocarbons when the C—H bonds are sufficiently reactive.
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Figure 2-S1. (a) Spectral change for the reaction of 1b (1.0 mM) with
CmOOH (2.5 mM) in the presence of Et;N (10 mM) in CH,CN at —40°C.
(b) Spectrophotometric titration for the formation of cumylperoxide
copper(Il) complex from the reaction of 1b (1.0 mM) and CmOOH in the
presence of Et;N (10 mM) in CH,CN at —40°C. Inset: Plot of (A —
Ay)/(A.—A) against [CmOOH],—[Cu],(A-A,)/(A.—A,)].
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Figure 2-S2. Experimental (bottom) and simulated (top) peak envelopes
in the positive-ion ESI-MS spectra of the product derived from the reaction
of 1b (1.0 mM) with CmOOH (1.0 mM) in the presence of Et;N (1.0 mM)
in CH,CN at —40°C; (a) with Cm'°O,H and (b) with Cm"*O,H.
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Figure 2-S3. Resonance Raman spectra of the product derived from the
reaction of 1b (4.0 mM) with CmOOH (12 mM) in the presence of Et;N (40
mM) generated by using Cm'’O,H (solid line, below) and Cm"O,H (doted
line, above) obtained with A, = 441.6 nm in CH,CN —40°C; s denotes the
solvent band.
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Figure 2-S4. (a) EPR spectrum of 1b (starting material) (2.0 x 10° M) in
CH,CN at —196°C. EPR parameter g, = 2.112. Low resolution of the
spectrum prohibits precise assignment of the g, value. (b) EPR spectrum of
the 2b generated in the reaction of 1b (2.0 x 10°M) and CmOOH (1.0 x
10 M) in the presence of Et;N (2.0 x 10~ M) in CH,CN at —196°C. EPR
parameters g, =2.198,¢g, =2.118,4,=147G.
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Figure 2-S5. ESI-MS (pos.) spectrum after the self-decomposition of 2a
in CH;CN. (@) m/z = 3522 ([Cu'(bpah)]"), (b) m/z = 369.2
([Cu"(bpa™)(OH)T"), (¢) m/z = 378.2 ([Cu"(bpa™)(CN)]").
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Figure 2-S6. ESI-MS (pos.) spectrum of the final reaction mixture of 2a
and CHD. (@) mlz = 3518 ([Cu'(bpa)]"), (b) m/z = 368.8
([Cu"(bpa)(OH)]"), (¢) m/z = 377.8 ([Cu"(bpa)(CN)]").
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Figure 2-S7. (a) Spectral change for the reaction of 2b (1.0 mM) and
CHD (30 mM) in CH,CN at 30 °C under anaerobic conditions; Inset: the
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Chapter 3 Heterolytic Alkyl Hydroperoxide O—O Bond Cleavage by
Copper(I) Complexes

Introduction

The alkylperoxide complexes (M-OOR) of transition-metal ions have been
long-standing research objectives because of their strong relevance to biological and
catalytic oxidation reactions." Among them, the non-heme iron complexes have been
studied most extensively” to provide profound insights into the catalytic mechanism of
iron-containing monooxygenases and iron-catalyzed hydrocarbon oxygenation
reactions.* Homolytic cleavage of O-O bond of Fe"-OOR provides Fe"'=0, whereas
0O-0 bond heterolysis gives Fe'=0 species, both of which have been invoked as key
reactive intermediates in the oxygenation reactions. However, little attention has been
focused on alkylperoxo complexes of copper.’  In this respect, the author and his
co-workers have recently investigated the reaction of cumene hydroperoxide
("CmOOH) and a copper(I) complex supported by
N,N-di(2-pyridylmethyl)benzylamine tridentate ligand (L°, Figure 3-1) to find that the
generated cumylperoxo copper(Il) complex L*Cu"(O0"Cm) undergoes homolytic O-O
bond cleavage inducing C-H bond activation of an external substrate such as
1 4-cyclohexadiene. The results provided important insights into the
dioxygen-activation mechanism by mononuclear copper complexes in biological and
catalytic oxygenation reactions.®

In this study, the author and his co-workers have investigated the reaction of
copper(I) complexes of similar tridentate ligands (L* and L") and cumene hydroperoxide
derivatives (*CmOOH; X = Et, Me, H, Br, F, and NO,) to find that the copper(I)
complexes induce heterolytic O—O bond breaking of the alkyl hydroperoxides in

contrast to the case of former copper(Il)/"CmOOH system.
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Figure 3-1. Ligands (L* and L") and cumene hydroperoxide derivatives
(*CmOOH).

Experimental

Reagents
The reagents and solvents used in this study, except p-substituted cumene
hydroperoxide derivatives (*CmOOH), were commercial products of the highest
available purity and were further purified by the standard methods, if necessary.”
Ligands L* (N,N-di(2-pyridylmethyl)benzylamine) and L’
(N,N.N’ ,N’-tetra(2-pyridylmethyl)-m-xylylenediamine) and copper(I) complex of L°,
[Cu'(L*)(CH,;CN)](PF,) (1a), were prepared according to the reported procedures.”
Cumene hydroperoxide ("CmOOH) and 8-hydroperoxy-p-cymene (**CmOOH) were
prepared by the reported procedures.®
Synthesis of Cumene Hydroperoxide Derivatives *CmOOH (X = Br, F, Et and
NO,).

1-(4-Bromophenyl)-1-methylethyl hydroperoxide (**CmOOH). This
compound was synthesized by a similar method described in the literature for the
synthesis of 8-hydroperoxy-p-cymene (M CmOOH) using
2-(4-bromophenyl)-2-propanol instead of 8-hydroxy-p-cymene [T. Ueno, H. Masuda,
C.-T. Ho, Journal of Agricultural and Food Chemistry, 52 (2004) 5677-5684.]. Thus,
a solution of 2-(4-bromophenyl)-2-propanol (0.5 g, 2.3 umol) in ethanol (5 mL) was
added dropwise to a stirred mixture of 30% hydrogen peroxide (150 mL) and 2.5 %
(w/v) sulfuric acid (15 mL). After stirring for 1 h at room temperature, the reaction
mixture was extracted with 250 mL of dichloromethane, washed with water (100 mL x
2), dried over sodium sulfate. After removal of sodium sulfate by filtration,
concentration of solvent gave colorless oil, from which

1-(4-bromophenyl)-1-methylethyl hydroperoxide was isolated by silica gel column
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chromatography (eluent: hexane/EtOAc = 5/1) in 12 %. HRMS (EI") m/z = 229.9941
(M), caled for CoH,,BrO, = 229.9942. 'H-NMR (400 MHz, CDCl;) 6 1.59 (6 H, s,
-CH,;), 734 (2H,d,J =88 Hz,ArH),7.50 (2 H,d,J = 8.4 Hz, ArH).

1-(4-Fluorophenyl)-1-methylethyl hydroperoxide ("*CmOOH). This
compound was prepared by the same procedure described for the synthesis of
CmOOH using 2-(4-fluorophenyl)-2-propanol instead of
2-(4-bromophenyl)-2-propanol. Yield: 62 %. HRMS (EI') m/z = 170.0744 (M"),
caled for C;H,,FO, = 170.0743. 'H-NMR (400 MHz, CDCl,) 6 1.60 (6 H, s, -CH,),
7.06 (2H, m,ArH),7.44 (2 H, m, ArH).

1-(4-Ethylphenyl)-1-methylethyl  hydroperoxide (*CmOOH). This
compound was prepared by the same procedure described for the synthesis of
CmOOH using 2-(4-ethylphenyl)-2-propanol instead of
2-(4-bromophenyl)-2-propanol. Yield: 70 %. HRMS (EI") m/z = 180.1148 (M"),
caled for C,,H,0, = 180.1150. 'H-NMR (400 MHz, CDCl,) 6 1.25 (3 H, t, -CH,CH,),
1.61 (6 H,s,-CH,;),2.66 (2H,q,J=7.2Hz,-CH,CH,),7.22 (2H,d,J = 8.8 Hz, ArH),
739 (2H,d,J=84Hz, ArH).

1-(4-Nitrophenyl)-1-methylethyl hydroperoxide (" *CmOOH). This
compound was prepared according to the method for the synthesis of cumene
hydroperoxide ("CmOOH) using 4-nitrocumene instead of cumene [M.G. Finn, K.B.
Sharpless, J. Am. Chem. Soc., 113 (1991) 113-126]. A 50-mL round bottom flask was
charged with 4-nitrocumene (2.0 g, 12 mmol) and stirred for 40 h at 80°C under O,
atmosphere. 1-(4-nitrophenyl)-1-methylethyl hydroperoxide was isolated by silica gel
column chromatography (eluent: hexane/EtOAc = 5/1) in 25 % conversion yield (~80 %
of starting material was recovered.). HRMS (CI") m/z = 198.0762 ([M + HJ"), calcd
for CoH,,NO, = 198.0766. 'H-NMR (400 MHz, CDCl,) 6 1.64 (6 H, s, -CH;), 7.64 (2
H,d,J/=92Hz,ArH),8.24 (2H,d,J =84 Hz, ArH).
Synthesis of Copper Complexes (1b and 3b’).

[Cu',(L")(CH,CN),](PF,), (1b). Ligand L" (30 mg, 60 umol) was treated with
two equimolar amount of [Cu'(CH,CN),](PF,) (45 mg, 120 umol) in CH,Cl, (1 mL)
under N, atmosphere in a glovebox (Miwa MFG Co., Ltd. DBO-1KP). After stirring
the mixture for 30 min at room temperature, insoluble material was removed by
filtration. Addition of ether (30 mL) to the filtrate gave a pale yellow powder that was

precipitated by standing the mixture for 10 min. The supernatant was then removed by
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decantation, and the remained pale yellow solid was washed with ether three times and
dried to give complex 1b in 67 %. Single crystals of 1b were obtained by vapor
diffusion of ether into an acetonitrile solution of the complex. FT-IR (KBr) 843 cm™
(PF); Anal. Calcd for C,;H,,Cu,F,N,P, [Cu',(L")(CH,CN),] (PF,),: C, 43.25; H, 3.83;
N, 11.21. Found: C,43.31; H, 4.04; N, 11 .45.

[Cu",(L")(u-OMe),](PF),(Et,0) (3b%). An acetonitrile solution (1.0 mL) of 1b
(12 mg, 12 umol) was prepared in a glovebox at room temperature. The solution was
cooled to —40°C, and an acetonitrile solution (100 mL) of "CmOOH (240 mM) was
added by using a microsyringe through the rubber septum cap. After stirring the
mixture for 10 min, an excess amount of pre-cooled ether was poured into the solution
to give a blue powder that was precipitated by standing the mixture for several minutes.
The supernatant was removed by filtration to give 3b’ as a blue powder in 81 %.
Single crystals of 3b’ were obtained by vapor diffusion of ether into CH;,CN/MeOH
(v/v = 1:1) solution of the complex. FT-IR (KBr) 842 cm™ (PF,); Anal. Calcd for
CysH,sCu,F ,N,OP, [Cu",(L")(u-OMe),](PF,),(Et,0): C42.31; H, 4.59; N, 7.97.
Found: C,42.02; H,4.61; N, 8.05.
Physical measurements
FT-IR spectra were recorded on a Jasco FTIR-4100, and UV-visible spectra were taken
on a Jasco V=570 or a Hewlett Packard 8453 photo diode array spectrophotometer
equipped with a Unisoku thermostated cell holder designed for low temperature
measurements (USP-203). 'H-NMR spectra were recorded on a JEOL FT-NMR
GX-400 spectrometer. ESI-MS (electrospray ionization mass spectra) measurements
were performed on a Mariner ESI-TOF instrument. Elemental analyses were recorded
with a Perkin-Elmer or a Fisons instruments EA1108 Elemental Analyzer.
Crystallography
Each single crystal obtained was mounted on a CryoLoop (Hampton Research Co.) with
a mineral oil, and all data of X-ray diffraction were collected at —170°C on a Rigaku
RAXIS-RAPID diffractmeter using filtered Mo-Ko radiation. The structures were
solved by direct methods SIR 92 or SIR 2008 and expanded using Fourier techniques
[A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, M. Burla, G. Polidori, M.
Camalli, J. Appl. Crystallogr, 27 (1994) 435-436; M.C. Burla, R. Caliandro, M. Camalli,
B. Carrozzini, G.L. Cascarano, L.D. Caro, C. Giacovazzo, G. Polidori, D. Siliqi, R.
Spagna, J. Appl. Crystallogr., 40 (2007) 609-613.]. The non-hydrogen atoms were
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refined anisotropically by full-matrix least-squares on F>. The hydrogen atoms were
attached at idealized positions on carbon atoms and were not refined. All structures in
the final stages of refinement showed no movement in the atom positions. The
calculations were performed using Single-Crystal Structure Analysis Software, version
40.

Low temperature UV-vis measurements

Kinetic measurements for the reaction of copper(I) complexes with cumene
hydroperoxides (*CmOOHs) were performed in acetonitrile at —40 °C. To an
acetonitrile solution of the copper(I) complex (0.5 mM) in a 1.0 cm path length UV-vis
cell closed with a rubber cap, an acetonitrile solution of *CmOOH was added using a
microsyringe through the rubber septum cap under anaerobic conditions to initiate the
reaction. The reaction was monitored by following an increase of the characteristic
absorption band due to the product.

Product analysis

Decomposition products derived from *CmOOH were analyzed by using a HPLC
system consisting of a Shimadzu LC-6A chromatographic pump and an on-line
Shimadzu UV-vis spectrophotometric detector. Reverse phase chromatography was
performed on an ODS column (Cosmosil 5C;-AR-II, 250 mm X 4.6 mm, Nacalai
tesque) at room temperature with an acetonitrile-water (40 : 60) mixed solvent as
mobile phase at a constant flow rate of 0.5 mL min"'. The yield of products was
determined by comparing the integrated peak areas of the products with that of the
internal standard (anisole or nitrobenzene) using calibration lines. The intermediate
was generated in situ in a UV-vis cell by the addition of *CmOOH (0.5 mM) to an
acetonitrile solution of copper(I) complexes (0.5 mM) at —40°C, and the mixture was
warmed up to room temperature. Then, the decomposition reaction was followed by

monitoring the decrease in the LMCT absorption bands due to the intermediate.
Results and Discussion

The reaction of [Cu'(L*)(CH,CN)](PF,) (1a) (0.5 mM) and the equimolar amount of
"CmOOH was first examined in acetonitrile. The HPLC analysis of the organic
products derived from "CmOOH demonstrated that cumyl alcohol ("CmOH) was
formed in 43 % together with a small amount of acetophenone (PhCOMe, 7 %). In
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this case, however, almost 50 % of the starting material, "CmOOH, was recovered.
The result indicates that the stoichiometry of copper(I) complex 1a and "CmOOH was
2 : 1. In fact, the reaction of 1a (0.5 mM) with 0.5 equivalent of "CmOOH (0.25 mM)
under otherwise the same experimental conditions consumed almost all the substrate
("CmOOH) to give "CmOH and PhCOMe in 93 % and 7 %, respectively. The
formation of "CmOH (alcohol) as the major product is in sharp contrast to the product
distribution in the reaction of copper(Il) complex of the same ligand L* and "CmOOH,
where PhCOMe (ketone) was the major product; PhCOMe 76 % and "CmOH 15 %."

It has been reported that the products obtained from a cumylperoxo complex largely
depend on the O-O bond cleavage pattern as indicated in Scheme 3-1. Namely, if
homolytic O-O bond cleavage occurs (path a), acetophenone (PhCOMe) is produced
from cumyloxyl radical via f-scission releasing methyl radical (CH;’). On the other
hand, heterolytic O-O bond cleavage (path b) gives cumyl alcohol (*CmOH) after
oxyanion protonation.” Thus, formation of "CmOH as the major product (93 %) in the
present system suggests that the reaction of copper(I) complex 1a and "CmOOH mainly

involves O—-O bond heterolysis (path b).

Me-
Me

M—0 - -o—é—@ L» o“c—@
I\llle Me/

(a)
Me
| HCmO- PhCOMe
M—0-0-C —@
Me

M-OOHCm ®)

I\|/Ie I\l/le
v - H+
M—0 O—C—-< > —»HO—C—< >
I |
Me Me
HCmO- HCmOH

Scheme 3-1. Possible decomposition pathways of cumylperoxo complex
M-O0"Cm.

Since the stoichiometry of the reaction between mononuclear copper(I) complex 1a and
HCmOOH was 2 : 1, the author and his co-workers also examined the reaction of a
dinuclear copper(I) complex and cumene hydroperoxide to get more insight into the
reaction intermediate and products. Dicopper(I) complex 1b was prepared by treating
the dinucleating ligand L" and 2 equivalent of [Cu'(CH,CN),](PF,) in acetonitrile, the

crystal structure of which is shown in Figure 3-2. The crystallographic data and the
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selected bond lengths and angles of 1b are presented in Tables 3-1 and 3-2. Each
copper(l) ion is ligated by three nitrogen atoms of one of the tridentate metal-binding
moieties of L* and one acetonitrile co-ligand, exhibiting a highly distorted tetrahedral
geometry. The 7, values for Cu(1) and Cu(2) are 0.69 and 0.62, respectively; z, value is
a simple geometry index for four-coordinate complexes proposed by Houser and his
coworkers defined as 7, = [360° — (a + b)]/141, where a and b are the two largest 6
angles in the four-coordinate species.” The 7, value will range from 1.0 for a perfect
tetrahedral geometry to zero for a perfect square planar geometry. Thus, the structure
of the copper(I) center of 1b is similar to that of the reported mononuclear copper(I)

complex [Cu'(L*)(CH,CN)]|B(CFs),, which exhibits a 7, value of 0.72."

Figure 3-2. ORTEP diagram of [Cu',(L")(CH,CN),](PF), (1b) with 50%
ellipsoid probability. The counter anions and the hydrogen atoms are

omitted for clarity.
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Table 3-1. Summary of the X-ray Crystallographic Data of 1b

Compound 1b

formula C;HyCu,F,N:P,
formula weight 999.77

crystal system monoclinic

space group P2,/n (#14)

a, A 14.9249(7)

b, A 20.748(2)

c,A 15.2283(7)

a, deg 90.000

p, deg 118.425

v, deg 90.000

v, A 4147.1(4)

Z 4

F(000) 2024.00

D.q» g/cm’ 1.601

T,K 103

crystal size, mm 0.30 x 0.30 x 0.20
u (MoKa),cm™ 11.953

20, deg 55.0

no. of reflns measd 38252

no. of reflns obsd 9239 ([1 > 2.000(1)])
no. of variables 579

RI“ 0.0732

wR2 " 0.1751

GOF 0.889

“RI=SIF|—IFJI/SIF). *wR2=[Zw(F—IF) /S w(F2)"
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Table 3-2. Selected Bond Lengths (A) and Angles (deg) of 1b

Cu(1)-N(1) 2.240(3) Cu(2)-N(5) 2.293(3)
Cu(1)-N(2) 2.037(4) Cu(2)-N(6) 2.030(4)
Cu(1)-N(3) 2.026(5) Cu(2)-N(7) 2.007(4)
Cu(1)-N(4) 1.903(3) Cu(2)-N(8) 1.918(4)
N(1)-Cu(1)-N(2)  80.93(12) N(5)-Cu(2)-N(6) 80.47(11)
N(1)-Cu(1)-N(3)  79.76(13) N(G)-Cu@@)-N(7)  79.21(13)
N(D-Cu(1)-N@4)  141.10(13) N(5)-Cu(2)-N(8) 146.91(13)
N@2)-Cu(1)-N(3)  122.26(13) N(6)-Cu(2)-N(7) 126.16(15)
N(@2)-Cu(1)-N@4)  115.33(16) N(6)-Cu(2)-N(8) 109.82(15)
N@3)-Cu(1)-N@4)  113.67(16) N(7)-Cu(2)-N(8) 114.26(15)
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Figure 3-3. UV-vis spectrum of 2b (solid line) generated by the reaction
of 1b (0.5 mM, dotted line) with "CmOOH (0.5 mM) in CH,CN at —40°C
under anaerobic conditions and its decomposition product 3b (dashed line)

generated by the addition of H,O at —40°C. Inset: Expanded UV-vis
spectra at 500-900 nm region.
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The reaction of dicopper(I) complex 1b with an equimolar amount of "CmOOH
(molar ratio of Cu' : "CmOOH = 2 : 1) was then examined. In this case as well, cumyl
alcohol ("CmOH) was obtained as the major product (95 %) together with a small
amount of acetophenone (5 %), indicating that the reaction also involves heterolytic
0-0 bond cleavage of "CmOOH. Figure 3-3 shows the UV-vis spectral change for
the reaction at —40°C. Upon addition of equimolar amount of "CmOOH to an
acetonitrile solution of 1b initially gave a spectrum having an intense absorption band at
363 nm (¢ = 2045 M"'cm™') together with a weak band at 560 nm (¢ = 168 M'cm™)
(solid line)."* This species, designated as 2b, gradually decomposed even at the low
temperature to provide another copper(Il) species 3b. The same species 3b was
generated rapidly, when a small amount of H,O (0.5 mL) was added to the solution of
2b, suggesting that 3b is produced by hydrolysis of 2b. ESI-MS analysis of the final
reaction mixture exhibited a prominent ion peak cluster at m/z = 330.2, whose mass and
isotope distribution pattern were consistent with the chemical formula of

di(u-hydroxo)dicopper(Il) complex [Cu",(L")(u-OH),]** (m/z = 330.1) (Figure 3-4).

EXP. SIM.
330.2
330.2 331.2
331.2
. , | .
325 330 335 340 325 330 335 340
ml/z m/z

Figure 3-4. Experimental (EXP, left) and simulated (SIM, right) peak
envelopes in the positive-ion ESI-MS spectra of the product 3b derived
from the decomposition of intermediate 2a in CH,CN at 30°C.

In spite of our great efforts, pure sample of 3b could not be isolated, but its
di(u-methoxo) variant 3b’ was successfully obtained in a 81% yield by recrystallization

of 3b from methanol. In Figure 3-5 is shown the crystal structure of 3b’. The
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crystallographic data and the selected bond lengths and angles are presented in Tables
3-3 and 3-4.  Each copper(Il) ion has a largely distorted square-pyramidal geometry
consisting of two pyridine nitrogen atoms and two bridging methoxide oxygen atoms in
a basal plane and the tertiary amine nitrogen atom in the apical position, where no
ligand modification took place. Similarity of the absorption spectrum of isolated 3b’

to that of 3b also support the di(u-hydroxo)dicopper(Il) core structure in the latter.

Figure 3-5. ORTEP diagram of [Cu",(L")(u-OCH,),](PF,), (3b’) with 50%
ellipsoid probability. The counter anions and the hydrogen atoms are

omitted for clarity.
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Table 3-3. Summary of the X-ray Crystallographic Data of 3b’

78

no. of reflns obsd
no. of variables
RI“

wR2 "

GOF

Compound 3b’
formula C;HysCu,F,N, O,P,
formula weight 1053.86
crystal system orthorhombic
space group Pna2 (#33)
a, A 11.0085(5)
b, A 31.848(2)
c,A 12.7919(6)
a, deg 90.000
p, deg 90.000
vy, deg 90.000
v, A 484.8(4)
z 4
F(000) 2152.00
D.q» g/cm’ 1.561
T,K 103
crystal size, mm 0.30 x 0.30 x 0.30
u (MoKa),cm™ 11.131
20,.., deg 55.0
no. of reflns measd 41634

9388 ([1> 2.000(1)])
616

0.0572

0.1390

1.202

“RI=SNF|—IFJI/SIF,.

"wR2=[Zw (IF |- IFJ)?/Sw(F})"



Table 3-4. Selected Bond Lengths (A) and Angles (deg) of 3b’

Cu(1)—Cu(2)
Cu(1)-0O(1)
Cu(1)-0(2)
Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-NQ3)

Cu(2)-Cu(1)-0(1)
Cu(2)-Cu(1)-0(2)
Cu(2)-Cu(1)-N(1)
Cu(2)-Cu(1)-N(2)
Cu(2)-Cu(1)-N(3)
O(1)-Cu(1)-0(2)
O(1)~Cu(1)-N(1)
O(1)-Cu(1)-N(2)
O(1)-Cu(1)-N(3)
O(2)-Cu(1)-N(1)
0(2)-Cu(1)-N(2)
0(2)-Cu(1)-N(3)
N(1)-Cu(1)-N(2)
N(1)-Cu(1)-N(3)
N(2)-Cu(1)-N(3)

Compound 3b’
2.9957(13) Cu(2)-0(1)
1.925(4) Cu(2)-0(2)
1.933(4) Cu(2)-N4)
1.900(6) Cu(2)-N(6)
1.970(4) Cu(2)-N(6)
2.008(4)
38.99(10) Cu(1)-Cu(2)-0(1)
39.21(11) Cu(1)—-Cu(2)-0(2)
127.21(11) Cu(1)-Cu(2)-N(4)
129.92(12)  Cu(1)-Cu(2)-N(5)
129.54(12)  Cu(1)-Cu(2)-N(6)
76.97(14) O(1)-Cu(2)-0(2)
110.12(14)  O(1)-Cu(2)-N(4)
94.60(15) O(1)-Cu(2)-N(5)
168.16(15)  O(1)-Cu(2)-N(6)
11544(14)  O(2)-Cu(2)-N(4)
166.67(15)  O(2)-Cu(2)-N(5)
92.55(16) 0(2)—Cu(2)-N(6)
77.00(15) N(4)-Cu(2)-N(5)
79.20(16) N(4)-Cu(2)-N(6)
94.67(17) N(5)—Cu(2)-N(6)

1.928(4)
1.9333(4)
2.353(5)
1.870(4)
2.001(4)

38.93(10)
39.21(10)
126.45(11)
129.51(13)
128.31(12)
76.91(14)
109.86(14)
94.02(16)
166.85(15)
114.73(14)
166.70(16)
91.39(15)
77.32(16)
80.32(16)
96.42(17)
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Scheme 3-2. Proposed mechanism of the reaction of 1b and *CmOOH.

Possible mechanism for the reaction of 1b and cumene hydroperoxide generating 3b
is shown in Scheme 3-2. As clearly demonstrated by the product analysis, heterolytic
cleavage of the O-O bond takes place. The stoichiometry of Cu' : CmOOH as 2 : 1
suggests that formally two electrons are transferred from the copper(I) ions to the
peroxo moiety to induce the O-O bond heterolysis. That event may produce
(u-hydroxo)dicopper(Il) intermediate A and cumyl alkoxide CmO~, both of which
quickly collapse to give (u-hydroxo)(u-alkoxo)dicopper(Il) species 2b. Finally, 3b or
3b’ is produced by hydrolysis or methanolysis of 2b.
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Figure 3-6. (A) UV-vis spectra of the intermediates 2b* derived from the
reaction of 1b (0.5 mM) and *CmOOH (0.5 mM; R = Et, Me, H, F, Br,
NO,) in CH,CN at —40°C under anaerobic conditions. Inset: Expanded
UV-vis spectrum at 450—700 nm region. A, =538 nm for X = Et, A_,, =
544 nm for X = Me, A_,, = 560 nm for X =H, A_,, = 560 nm for X =F, 4,
=549 nm for X = Br, A_,, = 567 nm for X =NO,. (B) Plot of A_,, against
the Hammett o), values; slope = 23.1 nm/g, (unit), R = 0.73.

2 max

Further evidence in support of generation of the postulated intermediate 2b is the fact
that essentially similar spectra but having slightly different A,,, values were obtained in
the reactions of 1b with a series of cumene hydroperoxide derivatives *CmOOH (X =
Et, Me, Br, F and NO,) under the same experimental conditions (Figure 3-6(A), A, =
538 ~ 567 nm; nearly quantitative (> 95 %) formation of the corresponding alcohols
*CmOH was also confirmed by HPLC analysis). of the
intermediates 2b generated by using *CmOOH may be due to the electronic effects of
As

Such the difference in A,

the p-substituents on the LMCT transition from the alkoxide ligand to Cu".
indicated in Figure 3-6(B), there was a weak correlation between A, and Hammett o,

values, where the A, shifted toward longer wavelength as the electron-withdrawing

X

nature of the p-substituent (X) increases.
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Conclusions

In this study, the author and his co-workers have investigated the reaction of copper(I)
complexes 1a and 1b with cumene hydroperoxide derivatives (*CmOOH) to find that
the reaction proceeded in a 2 : 1 stoichiometry to induce heterolytic O—O bond breaking
of the alkyl hydroperoxides. In this case, the corresponding alcohol was obtained as
the major product. The result is in sharp contrast to the 1 : 1 reaction between the
copper(Il) complexes and CmOOH producing the ketone (PhC(O)Me) as the major
product via homolytic O—O bond cleavage.

Very recently, Hutchings and co-workers reported a significant result that in the
Fe-loaded zeolite (ZSM-5) catalyzed methane-oxidation with H,0,, alcohol (methanol)
product selectivity is significantly improved by the addition of copper.”- In this
reaction, the primary product is methyl hydroperoxide (MeOOH), which is produced by
the direct reaction of methane with a generated dinuclear iron active-oxygen species."
Our present study suggests that the role of copper in the Hutchings’s methane-oxidation
reaction is enhancement of O—O bond heterolysis of the primary product MeOOH to
give MeOH as the major product. Mechanistic details of the O—O bond cleavage

process and application to catalytic oxidation reactions are now under progress.
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Chapter 4 Copper Complex Supported by an N,S-Tridentate
Ligand Inducing Efficient O-O Bond Heterolytic Cleavage of
Alkylhydroperoxide

Introduction

Copper monooxygenases such as peptidylglycine a-hydroxylating monooxygenase
(PHM), dopamine p-monooxygenase (DSM) and tyramine [-monooxygenase (TSM)
employ two un-coupled, mononuclear copper sites referred to as Cuy, and Cu,.™®  Cuy,
serves as the reaction site for dioxygen activation and substrate oxygenation, whereas
Cuy functions as an electron acceptor from the physiological reductant (ascorbate).
The Cu,y site is ligated by two histidine imidazoles and one methionine sulfur (N,S
donor set), whereas Cu,, is coordinated by three histidine imidazoles (N, donor set).>*
These coordination environments are somewhat unusual, since most of the reaction
centers of O,-activating copper proteins (type-2 and type-3 Cu proteins) consist of
nitrogen rich donor groups, whereas the large number of electron transfer proteins
(type-1 Cu proteins) involve sulfur-containing ligand environment.”® Thus, such a
unique feature of these copper monooxygenases has long been a target in the synthetic
bioinorganic modeling studies.”*

So far, a series of mononuclear copper-dioxygen adducts have been characterized as
model compounds of possible reactive intermediates of copper monooxygenases.*' >
Among them, a mononuclear copper(Il)-superoxide complex supported by a simple
Ni-ligand L™ (1-[2-(2-pyridyl)ethyl]-1,5-diazacyclooctane derivatives, Figure 4-1) is a
unique example, which exhibits both a similar structural feature (distorted tetrahedral
copper(Il) with end-on superoxide ligand) and a reactivity (aliphatic hydroxylation) to

621 Ip

those of the putative reactive intermediate involved in the enzymatic reactions.
this study, the author and his co-workers have synthesised and characterised the
copper(I) and copper(Il) complexes supported by L™ (Figure 4-1) in order to get
insights into the effects of sulfur atom on the structure and reactivity. Ligand L"** has
the same molecular framework to that of L™*, but one of the alkylamine nitrogen atoms

is replaced by a sulfur atom, allowing us to simply access the electronic effects of the
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donor atom.

N\/N —R N\/S
=N —N
\ \_/
N3-ligand (LN3) N,S-ligand (LN2S)

Figure 4-1.  Ligand structures.

Experimental
Materials and physical measurements

The reagents and the solvents used in this study, except the ligands and the copper
complexes, were commercial products of the highest available purity and were
further purified by standard methods, when necessary.”> Cumene hydroperoxide
(CmOOH) used in this study was prepared by a reported procedure,” and purified
by silica gel column chromatography (eluent: AcOEt-Hexane). '*O-labeled
(Cm"0"0OH) was synthesized using '*0O, instead of '°O, by the same procedure.
UV-visible spectra were taken in acetone or in acetonitrile on a Hewlett
Packard 8453 photodiode array spectrophotometer equipped with a Unisoku
thermostated cell holder designed for low temperature measurements (USP-203).
'H-NMR spectra were recorded on a JEOL ECS 400 or a Varian UNITY INOVA
600MHz. EPR spectra were recorded on a BRUKER E-500 spectrometer at
—196 °C equipped with a variable temperature cell holder or a JEOL JES-FA100.
A Mn"-maker was used as the reference, and experimental errors in the EPR
parameters is + 0.001. Mass spectra were recorded with a JEOL JMS-700T
Tandem MS station or a JEOL JMS—700. ESI-MS (electrospray ionization mass
spectra) measurements were performed on a Mariner ESI-TOF instrument.
Cyclic voltammetric measurements were performed with a Hokuto Denko
HZ-3000 or HZ-7000 in deaerated solvent containing 0.10 M n-Bu,PF, as a
supporting electrolyte. A GC working (BAS) was polished with BAS polishing
alumina suspension and rinsed with acetone before use. The counter electrode

was a platinum wire. The measured potentials were recorded with respect to an
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Ag/AgNO; (001 M) reference electrode. The cyclic voltammograms for
copper(I) complexes were taken inside of the glovebox filled with nitrogen gas at
25°C. Resonance Raman scattering was excited 441.6 nm from He-Cd laser
(KIMMON KOHA, K5651R). Resonance Raman scattering was dispersed by a
single polychromator (Ritsu Oyo Kogaku, MC-100) and was detected by a liquid
nitrogen cooled CCD detector (HORIBA JOBIN YVON, Symphony 1024 x 128
Cryogenic Front Illuminated CCD Detector). The resonance Raman
measurements were carried out using a rotated cylindrical cell thermostated at
—80°C or a rotating NMR tube (outer diameter = 5 mm) thermostated at —40 °C by

flashing cold nitrogen gas. A 135° back-scattering geometry was used.

Ligand Synthesis

N-(Pyridine-2-yl)ethyl-bis(3-hydroxypropyl)amine. A 200 mL
round-bottom flask was charged with 2-(2-aminoethyl)pyridine (4.0 g, 33 mmol),
3-chloro-1-propanol (13 g, 0.13 mol), sodium carbonate (35 g, 0.33 mol),
tetrabutylammonium bromide (~5 mg), water (70 mL), and CH,CN (70 mL).
The mixture was refluxed for 2 days. The reaction mixture was cooled to room
temperature and extracted with CHCl; (3 x 50 mL), and the combined organic
fractions were dried over Na,SO,. After removal of Na,SO, by filtration,
evaporation of the solvent gave a brown oil, from which the pure product was
isolated by alumina column chromatography (eluent: AcOEt : MeOH =95 :5 ) in
70 % (6.5 g). 'H-NMR (CDCl,) 6 1.67 (4 H, pentet, J = 6.0 Hz, CH,-CH,-CH,),
265 4 H, t, J = 60 Hz, N-CH,-CH,-CH,-OH), 2.82 (2 H, t, J = 7.2 Hz,
Py-CH,-CH,-), 3.00 (2 H, t, J = 7.2 Hz, Py-CH,-CH,-), 3.61 (4 H, t, J = 5.6 Hz,
-CH,-OH), 7.15-7.18 (1 H, m, PyH;), 7.20 (1 H, d, J = 7.6 Hz, PyH,), 7.66 (1 H,
td,J=1.6 Hz and J = 7.2 Hz, PyH,), 8.50 (1 H, d, J = 2.4 Hz, PyH,); HRMS (EI")
m/z = 238.1680, calcd for C,;H,,N,O,=238.1681.

N-(Pyridine-2-yl)ethyl-bis(3-chloropropyl)amine.
N-(Pyridine-2-yl)ethyl-bis(3-hydroxypropyl)amine (0.36 g, 1.3 mmol) in benzene
(30 mL) was cooled to 0 °C. At this temperature, 0.5 mL of thionyl chloride was
added dropwise under aerobic conditions. After an initial exothermal reaction,

the mixture was refluxed for 4 h, then brought down to room temperature and left
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to stand overnight. After cooling down again to 0 °C, a solution of sodium
carbonate (10%) was poured until pH became basic. The organic layer was then
separated, dried over Na,SO,. After removal of Na,SO, by filtration, evaporation
of the solvent gave brown oil, from which the pure product was isolated by
alumina column chromatography (eluent: AcOEt) in 78 % (0.28 g). 'H-NMR
(CDCl,, 400 MHz) 6 1.84 (4 H, pentet, J = 6.4 Hz, CH,-CH,-CH,),2.59 (4 H, t,J
= 6.4 Hz, N-CH,-CH,-CH,-Cl), 2.84 (2 H, t,J = 6.4 Hz, Py-CH,-CH,-), 291 (2 H,
t,J =64 Hz, Py-CH,-CH,-),3.46 (4 H,t,J =64 Hz, -CH,-Cl), 7.09-7.13 (1 H, m,
PyH;),7.19 (1 H,d,J =8.0 Hz, PyH;),7.59 (1 H,td, /= 1.6 Hz and J = 7.6 Hz,
PyH,), 8.53 (1 H, d, J = 4.8 Hz, PyH,); HRMS (EI") m/z = 274.1003, calcd for
C;H,,CLN, = 274.1004.

N-(2-(Pyridin-2-yl)ethyl)-1-thia-5-azacyclooctane (L"*).
N-(Pyridine-2-yl)ethyl-bis(3-chloropropyl)amine (0.2 g, 0.55 mmol) was
combined with Na,S (43 mg, 0.55 mmol) in anhydrous ethanol (100 mL) and
refluxed for 19 h. The ethanol was then evaporated in vacuo. The residue was
taken up with Et,0 (50 mL) and washed with 5 % NaOH aq (20 mL x 3) and then
water, and dried over Na,SO,. After removal of Na,SO, by filtration,
evaporation of the solvent gave yellow oil, from which L™ was isolated by
alumina column chromatography (eluent: AcOEt) in 52 % (67 mg). 'H-NMR
(CDCl,, 400 MHz) 6 1.81 (4 H, pentet, J = 6.0 Hz, CH,-CH,-CH,), 248 (4 H, t,J
= 6.0 Hz, -CH,-N-CH,-), 2.64 (4 H, t,J = 64 Hz, -CH,-S-CH,-), 2.87-2.94 (4 H,
m, Py-CH,-CH,-), 7.10-7.13 (1 H, m, PyH,), 7.17 (1 H,d, J = 7.6 Hz, PyH,), 7.60
(1H,td,/J=20Hzand J=8.0Hz,PyH,),8.54 (1 H,d,J=5.2 Hz, PyH,); HRMS
(EI") m/z = 236.1348, calcd for C;H,,N,S = 236.1347.

INZS

Synthesis of a Copper(I) Complex (1™). Since the copper(I) complex is
sensitive to air, all the manipulations for the synthesis, crystallization, and stock
solution preparation of the copper(I) complex was carried out under N,
atmosphere inside a glovebox (KOREA KIYON KK-011AS, [O,] < 1 ppm).
[Cu'(L™)](PF,) (1™*). [Cu'(CH,CN)](PF,) (24 mg, 64 umol) was added
to a THF solution of L™ (15 mg, 64 umol). After stirring the solution for 30
min at room temperature, insoluble material was removed by filtration. Addition

of ether (50 mL) to the filtrate gave yellow-green solids that were isolated by
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decantation, washed with ether three times, and dried (45 % yield, 13 mg).
Single crystals were obtained for the X-ray analysis by vapor diffusion of ether
into a THF solution of the complex. FT-IR (KBr) 841 cm™ (PF,); ESI-MS
(pos.) m/z = 299.3, calcd for [Cu'(L™®)]* 299.1; Anal. Calcd for [Cu'(L™®)]PF,
(C3H,CuF(N,PS): C,35.10; H, 4.53; N, 6.30. Found: C, 35.43; H, 4.64; N, 6.30.

Synthesis of Copper(II) Complexes (2Y¥*5¢Cl, 2"*%N,, 2¥*%«NO, and 2"**OTf,).

[Cu"(LY)(CD](BF,) (2"**Cl). Cu"Cl, (8.6 mg, 64 umol) was added to a
CH,CN solution of L"*® (15 mg, 64 umol). After stirring the solution for 10 min
at room temperature, NaBF, (7.0 mg, 64 umol) was added to the solution.
Addition of CH,Cl, (30 mL) to the solution gave a white powder that was
precipitated by standing the mixture for several minutes. Insoluble material was
then removed by filtration. The filtrate was concentrated to give green oily
material. Single crystals were obtained for the X-ray analysis by diffusion of
n-hexane into a CH,Cl, solution of the complex (73 % yield, 20 mg). FT-IR
(KBr) 1084 cm™ (BF,); ESI-MS (pos.) m/z = 334.0, caled for [Cu™(L"%)(CD]*
334.0; Anal. Caled for [Cu"(L*®)(C1)]BF,-0.1H,0 (C,;H,,,BCICuF,N,0,,S): C,
36.83; H,4.80; N, 6.61. Found: C, 36.64; H,4.76; N, 6.60.

[Cu"(LM)(N,)I(BF,) (2¥N,). To a methanol solution of L¥** (12 mg, 51
umol) was added Cu"SO,'5H,0 (13 mg, 51 umol), when the color of solution
turned dark blue. After stirring for 5 min, NaN; (3.3 mg, 51 umol) was added to
give the green solution. Then, NaBF, (5.6 mg, 51 umol) was added to the
solution, and the mixture was stirred for additional 5 min. Insoluble material
was then removed by filtration. The filtrate was concentrated to give green oily
material. Single crystals were obtained for the X-ray analysis by diffusion of
n-hexane into a CH,Cl, solution of the complex (67 % yield, 15 mg). FT-IR
(KBr) 2078 cm™ (N;), 1073 cm™' (BF,"); ESI-MS (pos.) m/z = 299.2, calcd for
[CU' (L))"  299.1; Anal. Caled for [Cu"(L™*)(N,)]BF,0.13H,0
(C;H,,,BCICuF,N.,O, 5S): C, 36.22; H, 4.74; N, 16.25. Found: C, 3591; H,
4.75; N, 16.56.

Cu"(LM™)(NO,)(OTf) (2¥%NO,). To a methanol solution of LY* (6.5 mg,
23 umol) was added Cu"SO,-5H,0 (6.0 mg, 23 umol), when the color of solution
turned dark blue. After stirring for 5 min, NaNO, (1.6 mg, 23 umol) was added
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to give the green solution. Then, NaOTf (4.0 mg, 23 umol) was added to the
solution, and the mixture was stirred for additional 5 min. Insoluble material
was then removed by filtration. The filtrate was concentrated to give green oily
material. Single crystals were obtained for the X-ray analysis by diffusion of
n-hexane into a CH,Cl, solution of the complex (43 % yield, 5.0 mg). FT-IR
(KBr) 1477 cm™ (NO,"), 1248, 1158 and 1030 cm™' (OTf"); ESI-MS (pos.) m/z =
4482, caled for [Cu™(L™*®)(OTf)]" 4480; Anal. Caled for
Cu"(L™)(NO,)(OTf)-0.5H,0 (C,,H,,CICuF;N,0;5,S,): C, 33.36; H, 4.20; N, 8.34.
Found: C, 33.24; H, 3.96; N, 8.30.

Cu"(L™)(0Tf), (2¥%0Tf). To a CH,CI, solution of L"* (8.0 mg, 34
umol) was added Cu"(OTf), (12 mg, 34 umol). After stirring for 5 min,
insoluble material was then removed by filtration. The filtrate was concentrated
to give green oily material. Single crystals were obtained for the X-ray analysis
by diffusion of n—hexane into a CH,Cl, solution of the complex (74 % yield, 15
mg). FT-IR (KBr) 1262, 1170 and 1035 cm™' (OTf"); ESI-MS (pos.) m/z = 448.1,
calcd for [Cu™(LY**)(OTf)]* 448.0; Anal. Calcd for Cu™(L"**)(NO,)(OTf)-0.5H,0
(C,,H,,CICuF;N;0s5S,): C, 33.05; H, 3.40; N, 4.71. Found: C, 30.13; H, 3.37; N,
4.68.

Product analysis

Decomposition products of cumene hydroperoxide. An acetone solution (3.0
mL) of 1™ (0.5 mM) was cooled to —85°C, and then an acetone solution of
CmOOH (1 equiv) was added to the solution under nitrogen atmosphere. The
resulting mixture was stirred for 1 h at —-85°C. After warming the solution to
room temperature, anisole (0.5 mM) was added as an internal standard, and then
decomposition products derived from cumene hydroperoxide were analyzed by
using a HPLC system consisting of a Shimadzu LC-6A chromatographic pump
and an on-line Shimadzu UV-vis spectrophotometric detector. Reverse phase
chromatography was performed on an ODS column (Cosmosil 5C;-AR-II, 250
mm x 4.6 mm, Nacalai tesque) at room temperature with an acetonitrile-water
(40 : 60) mixed solvent as mobile phase at a constant flow rate of 0.5 mL min™'.

The yields of products were determined by comparing the integrated peak areas of
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the products with that of the internal standard (anisole) using calibration lines.

Hydroxylated ligand (L"**°). An acetone solution (3.0 mL) of 1" (12 mg, 27
umol) was cooled to —85°C using a Unisoku thermostated cell holder designed for
low temperature measurement. Then, an acetone solution of CmOOH (2 equiv)
was added to the solution under nitrogen atmosphere. The resulting mixture was
stirred for 1 h at —85°C, and then gradually warmed up to room temperature. A
mixture of organic materials was obtained by treating the reaction mixture with an
NH, aq and subsequent extraction by CHCl;. The combined organic layer was
dried over Na,SO,. After removal of Na,SO, by filtration, evaporation of the
solvent gave a yellow oil. 'H-NMR (400 MHz, CDCl,) 62.03 (2 H, pentet, J =
6.0 Hz, CH,-CH,-CH,), 2.18 (2 H, pentet, J = 6.0 Hz, CH,-CH,- CH,-),2.62 (2 H,
m, -CH,-S-CH,-), 2.74 (2 H, m, -CH,-S-CH,-) 2.77-2.84 (4 H, m, N-CH,-CH,-),
3.32 (2 H, m, Py-CH,-CH,-), 3.50 (2 H, m, Py-CH,-CH,-), 7.16-7.20 (1 H, m,
PyH;), 7.46-7.51 (1 H, m, PyH,),7.67 (1 H,td,J =2.0 Hz and J = 8.0 Hz, PyH,),
854 (1 H, d, J = 5.2 Hz, PyH,); HRMS (FAB") m/z = 253.1378, calcd for
C,;H,,N,0OS ([L"°+H]*) = 253.1375. FT-IR (neat) 1077, 1104 cm™ (S=0).

X-ray crystal structure determination

Each single crystal obtained was mounted on a CryoLoop (Hampton Research
Co.) with a mineral oil, and all data of X-ray diffraction were collected at —170°C
on a Rigaku R-AXIS-RAPID diffractmeter using filtered Mo-Ka radiation. The
structures were solved by direct methods SIR 92 or SIR 2008 and expanded using
Fourier techniques.”*” The non-hydrogen atoms were refined anisotropically by
full-matrix least-squares on F*. The hydrogen atoms were attached at idealized
positions on carbon atoms and were not refined. All structures in the final stages
of refinement showed no movement in the atom positions. The calculations
were performed using Single-Crystal Structure Analysis Software, version 4.0.

CCDC. 959052, 959053, 959054, 959055 and 959056.
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Results and Discussion
Synthesis and characterization

Ligand L"*® was synthesized in three steps as shown in Scheme 4-1. Treatment
of 2-(2-aminoethyl)pyridine and 3-chloro-1-propanol in CH;CN gave a
bis(3-hydroxypropyl)amine derivative, which was then converted to the dichloro
derivative by the reaction with SOCL,. Ring closure using Na,S gave ligand L"*®

in a reasonable yield.

Scheme 4-1

[

N
NH, //\\ Na,COs oH
B
, *t2c OH ~Gron N
3 2d,800c (/N
_ — 70 %

SOCI, | Benzene

N S = N
\/ EtOH cal
1d, 80°C \J
—N —N
N
\_/ NS g N\ 7/ 78%

Figure 4-2. ORTEP drawing of 1"* showing 50 % probability thermal

ellipsoids. Counter anion (PF,") and hydrogen atoms are omitted for clarity.
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Copper(I) complex [Cu'(L"*)](PF,) (1¥*°) was prepared by the reaction of L"*®
with an equimolar amount of [Cu'(CH,;CN),](PF,) in THF. The crystal structure
of 1 is shown in Figure 4-2. The crystallographic data and selected bonds

lengths and angles of 1¥*° are presented in Tables 4-1 and 4-2, respectively.

Table 4-1. X-ray Crystallographic Data of Copper(I) Complexes 1%,

Compound 1N
formula C;H,,CuF,N,PS
formula weight 444 88
crystal system monoclinic
space group P2,/n (#14)
a, A 9.0976(3)
b, A 15.0804(6)
c,A 12.5185(5)
a, deg 90
p, deg 105.9955(9)
vy, deg 90
V,A? 1650.6(1)
z 4
F(000) 904.00
D.q» g/cm’ 1.790
T,K 103
crystal size, mm 0.500 x 0.400 x 0.400
u (MoKa),cm™ 16.071
20, deg 549
no. of reflns measd 3774
no. of reflns obsd 3774 (All reflections)
no. of variables 217
RI“ 0.0302
wR2 " 0.1122
GOF 1.031

“RI=SIF|—-IFJI/SIF,.
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Table 4-2.  Selected Bond Lengths (A) and Angles (deg) of 1

1N2S
Cu(1)-S(1) 2.2028(4) Cu(1)-N(1) 1.9295(13)
Cu(1)-N(2) 2.1662(13)
S(1)-Cu(1)-N(1) 163.02(4) S(1)-Cu(1)-N(2) 94.37(4)

N(1)-Cu(1)-N(2) 102.60(6)

1™ exhibits a slightly distorted T-shape structure ligated by the two nitrogen

atoms, N(1) and N(2), and one sulfur atom S(1) of the supporting ligand
[Cu(1)-N(1), 1.930 A; Cu(1)-N(2), 2.166 A; Cu(1)-S(1),2.203 A]. The sum of
the three angles around the copper center [ £S(1)—Cu(1)-N(1), £S(1)—Cu(1)-N(2),
LN(1)-Cu(I)-N(2)] is equal to 360°, indicating that the copper ion and the three
donor atoms exist in the same plane. The copper(I) complex 1™ supported by
L™ exhibited a similar T-shape structure, demonstrating that the molecular
framework of the ligands can highly stabilize such a three coordinate T-shape
structure of copper(I).***” Although the precise structure of the reduced enzyme is
not known, the EXAFS data have suggested that the reduced Cu,, is 3-coordinate
or 4-coordinate with a weakly bound water molecule, where the Cuy,—S,,., distance
is 2.24 A * In this context, 1 represents a good structural model of reduced Cu,,
even though the Cu-S distance in 1% (2.203 A) is slightly shorter than that in the
enzyme (2.24 A).
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Figure 4-3. UV-vis spectrum of 1% (0.5 mM) in acetone at 25°C. Inset:
Cyclic voltammogram of 1™ (1.0 mM) in acetone containing 0.1 M
TBAPF; working electrode GC, counter electrode Pt, reference electrode
Ag/0.01 M AgNO;, scan rate 50 mV/s.

1" showed a relatively intense absorption band at 375 nm (¢ = 1058 M™' cm™)
ascribable to a Cu' to S charge transfer (MLCT) (Figure 4-3), and exhibited a
reversible Cu'/Cu" redox couple at 0.23 V vs. Ag/AgNO, in acetone (Figure 4-3,
inset) that is higher than that of 1™° (0.11 V for R = -CH,CH,Ph) under the same
conditions ”

Copper(IT) complexes 2¥%X (X = coordinating counter anion; Cl, N;, NO,,
OTf) were also prepared as the model compounds of resting enzymes in the
copper(Il) oxidation state. The crystal structures of 2V**«Cl, 2¥%N,, 2¥%NO,
and 2"°«OTf have been determined as shown in Figures 4-3 and 4-4. The
crystallographic data and the selected bond lengths and angles are summarized in

Tables 4-3 and 4-4.
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2N2S .N3

Figure 4-3. ORTEP drawings of 2V%eCl, 2"*%N, and its linear chain
structure showing 50 % probability thermal ellipsoids. Non-coordinated

counter anion (BF,") and hydrogen atoms are omitted for clarity.

2¥5.NO, 2V 0T

Figure 4-4. ORTEP drawings of 2"°sNQO, and 2"***OTf showing 50 %

probability thermal ellipsoids. Hydrogen atoms are omitted for clarity.
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Table 4-3. X-ray Crystallographic Data of Copper(II) Complexes 2V**Cl,
2NSeN,, 2¥%eN O, and 2V*+OTT.

Compound 2V%(Cl1 2"%%N,
formula C,;H,,BCICuF,N,S C,H4B,Cu,FN,S,
formula weight 422.18 857.49
crystal system monoclinic monoclinic
space group P2,/c (#14) P2,/n (#14)
a, A 10.430(2) 19.271(2)
b, A 22.179(5) 7.1058(4)
c, A 7.084(2) 25.114(2)
a, deg 90 90
B, deg 92.797(3) 103.692(2)
vy, deg 90 90
VA’ 1636.6(5) 3341.2(4)
Z 4 4
F(000) 860.00 1752.00
D.q» g/cm’ 1.713 1.704
T,K 103 103
crystal size, mm 0.600 x 0.200 x 0.100 0.400 x 0.400 x 0.100
m (MoKa), cm™ 16.627 14.808
2 max» deg 55.0 55.0
no. of reflns measd 15561 31522
no. of reflns obsd 3744 (All reflections) 7660 (All reflections)
no. of variables 228 491
RI“ 0.1626 0.0561
wR2? 0.4008 0.1528
GOF 1.000 1.142

“RI=SNF|—IFJI/SIF,.

"WR2=[Zw (F2~IFA? /3w (F)1"



Table 4-3. X-ray Crystallographic Data of Copper(II) Complexes 2"**«Cl,
2NN, 2¥%eN O, and 2"**+OTf (continued).

Compound

2"5eQTE

formula
formula weight
crystal system
space group
a,A

b, A

c, A

a, deg

P, deg

¥, deg

VA’

Z

F(000)

Dy, glem™
T,K

crystal size, mm
u (MoKa),cm™
20,

max?

deg

no. of reflns measd
no. of reflns obsd
no. of variables
RI“

wR2 "

GOF

C,,H,,CuF;N,0,S,
513.01

triclinic

P-1 (#2)
7.6907(4)
8.7410(5)
15.2512(7)
84.088(2)
78.235(2)
74.662(2)
966.66(8)

2

526.00

1.713

103

0.400 x 0.300 x 0.100
14.124

549

9398

4363 (All reflections)
262

0.0377

0.1430

1.188

C,sH,,CuFN,OS;
598.05
monoclinic

P21/c (#14)
7.172(2)
20.845(4)
15.117(3)

90

103.769(4)

90

2195.0(7)

4

1212.00

1.810

103

0.500 x 0.200 x 0.200
13.673

55.0

21107

5020 (All reflections)
298

0.0749

0.2053

1.083

“RI=SNF|—IFJI/SIF,.

"WR2=[Zw (F2~IFA? /3w (F)1"
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Table 4-4. Selected Bond Lengths (A) and Angles (deg) of 2¥5Cl, 2¥%N,, 2V*NO,
and 2"*+OTT.

100

Cu(1)-CI(1)
Cu(1)-S(1)
Cu(1)-N(2)

CI(1)~Cu(1)—CI(1)*
CI(1)~Cu(1)-N(1)
CI(1)*~Cu(1)-S(1)
CI(1)*~Cu(1)-N(2)
S(1)-Cu(1)-N(2)

Cu(1)-S(1)
Cu(1)-N(2)
Cu(1)-N(3)

S(1)~Cu(1)-N(1)
S(1)~Cu(1)-N(5)*
N(1)-Cu(1)-N(2)
N(1)-Cu(1)-N(3)
N(2)-Cu(1)-N(3)

Cu(1)=S(1)
Cu(1)=N(1)
Cu(1)-O(5)

2¥5.C1

2.388(3)
2.31003)
2.068(8)

98.50(9)
90.0(3)
81.65(9)
119.9(3)
89.6(3)

2NZS.N3

2.3306(13)
2.078(4)
2.029(4)

173.24(10)
91.71(11)
96.98(14)
86.78(15)
155.92(15)

2NZS.N()2
2.3343(10)

2.037(3)
2.343(3)

Cu(1)~CI(1)*
Cu(1)-N(1)

CI(1)~Cu(1)-S(1)
CI(1)-Cu(1)-N(2)
CI(1)*~Cu(1)-N(1)
S(1)~Cu(1)-N(1)
N(1)-Cu(1)-N(2)

Cu(1)=N(1)
Cu(1)=-N(5)*

S(1)-Cu(1)-N(2)
S(1)-Cu(1)-N(3)
N(1)-Cu(1)-N(5)*
N(2)-Cu(1)-N(5)*
N(5)*~Cu(1)-N(3)

Cu(1)-0(1)
Cu(1)-N(2)

2.572(3)
2.016(8)

85.52(9)
140.2(3)
94.3(3)
173.4(3)
96.9(3)

2.036(4)
2.265(4)

88.85(11)
86.51(13)
90.39(14)
102.36(13)
101.39(15)

2.012(2)
2.076(3)



S(1)~Cu(1)-O(1)
S(1)~Cu(1)-N(2)
O(1)-Cu(1)-N(2)
O(3)-Cu(1)-N(1)
O(1)-Cu(1)-N(1)

Cu(1)=S(1)
Cu(1)-0(4)
Cu(1)-N(2)

S(1)~Cu(1)-0(1)
S(1)~Cu(1)-N(1)
O(1)-Cu(1)-0(4)
O(1)-Cu(1)-N(2)
O(4)-Cu(1)-N(2)

85.01(8)
89.03(8)
172.02(10)
92.05(15)
88.17(10)

2MSQTF
2.2860(15)
2.118(4)

2.040(6)

84.84(11)

171.15(16)

95.93(15)

109.86(17)
153.25(16)

S(1)~Cu(1)-N(1)
S(1)-Cu(1)>-0(3)
O(1)-Cu(1)-0(3)
0O(3)-Cu(1)-N(2)
N(1)-Cu(1)-N(2)

Cu(1)-O(1)
Cu(1)=-N(1)

S(1)-Cu(1)-0(4)
S(1)-Cu(1)-N(2)
O(1)-Cu(1)-N(1)
O(4)~Cu(1)-N(1)
N(1)-Cu(1)-N(2)

172.73(7)
89.65(10)
83.29(10)
102.01(13)
97.52(10)

2.247(4)
2.006(5)

84.78(12)
90.42(14)
92.12(16)
87.27(18)
98.4(2)

All the copper(Il) complexes exhibit five-coordinate structures with 7= 0.01 ~

0.552 among which 2N QTf and 2"**NQ, exhibit a monomeric structure

(Figure 4-4), but 2"*%¢Cl and 2"**sN, form coordination polymer chain structures,

where one of the coordinated counter anions (CI” and N;") acts as the bridging

ligand (Figure 4-3).
using 2V*5«OTf.

Thus, the structure and chemical properties were examined
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Figure 4-5. The UV-vis spectrum of 2Y**OTf (0.25 mM) in acetone at
—85°C. A,,, = 370 nm (¢ = 5520 M cm™'). Inset: An expanded UV-vis
spectrum of 2¥%QTf (0.60 mM). A, = 660 nm (¢ =222 M cm™).

EXP. 4 ‘1’
& { 100 G

Figure 4-6. The EPR spectrum (EXP, top) of 2¥OTf (0.5 mM) in
acetone at —196 °C, and its computer simulation spectrum (SIM, bottom)
with the parameters of g, = 2.275, g, = 2.100, g, =2.015, A, = 150 G, A, =
59G,and A; =16 G.

Copper(IT) complex 2V**«OTf exhibits a distorted square pyramidal structure
coordinated by N(1), N(2), S(1) and O(4) in the equatorial plan and O(1)
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occupying the axial position (z= 0.30), which is in accord with the observed
ligand filed absorption band at 660 nm (¢ = 222 M ¢cm™', Figure 4-5) and a
typical EPR signals of Cu" with a tetragonal geometry (Figure 4-6, the EPR
parameters are provided in the figure caption). The structural feature is quite
different from that of the copper(Il) complexes supported by L™°, which enforces
the copper(Il) center having a four-coordinate distorted tetrahedral geometry.***
Thus, the replacement of the donor atom from nitrogen to sulfur resulted in a
significant change in the coordination geometry of the copper(Il) complexes. In
this case, Cu—S distance is 2.286 A, which is longer than that in the copper(I)
complex (2.203 A). Such an elongation of the Cu"-S bond demonstrates the
strong preference of the Cu'=S bond. However, the Cu"-S distance in the model
complex (2.286 A) is much shorter than that in the resting state (copper(Il)
oxidation state) of the enzyme, that is 2.68 A, although the coordination geometry

is similar each other.2
Reactivity

First, the reaction of 1% and O, was examined in acetone at low temperature
(-85 °C). However, no spectral change was observed. Even at room

1™ showed no

temperature or in other solvents such as THF and CH,Cl,,
reactivity toward O,. This result is in sharp contrast to the high O,-reactivity of
1™, which gives a mononuclear copper(Il)-superoxide complex.”**" Such a big
difference in the O,-reactivity between the two ligand systems could be attributed
to the higher oxidation potential of 1% (0.23 V) as compared to that of 1% (0.11
V). As mentioned above, the Cu-S distance in the enzyme is much longer,
especially in the copper(Il) oxidation state, which may cause less
copper(I)-stabilizing effect of the sulfur donor atom in the enzymatic system.
Therefore, Cuy, can activate O, for the substrate oxygenation reaction even in the
presence of Met ligand.

On the other hand, 1™° smoothly reacted with cumene hydroperoxide
(CmOOH) in a 1 : 1 ratio to give CmOH (cumyl alcohol) as the major product
(98 %) together with a trace amount of acetophenone (PhC(O)Me). In the case
of 1™, only 44 % of CmOH was obtained together with a small amount of

PhC(O)Me (6.0 %), and 50 % of CmOOH was recovered. Thus, the
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stoichiometry in the 1% case was 2 : 1.

We have recently examine the reactivity of a series of copper complexes using
CmOOH as a prove for searching the O—O braking pattern in the copper-peroxide
adducts.®* It has been demonstrated that copper(I) complexes supported by
nitrogen ligands react with CmOOH in a 2 : 1 ratio to induce the heterolytic O-O
bond cleavage of the peroxide to give CmOH as the major product. In this case,
each copper(I) complex formally act as an one-electron donor to induce totally
two-electron reduction of CmOOH, thus providing the heterolytic cleavage
product, CmOH, in a ~50 % yield based on the copper(I) starting material
(Stoichiometry of Cu : CmOOH is 2 : 1).° Thus, 1 (NV;-donor ligand) giving
CmOH in a ~50 % yield, is involved in this category.

In this respect, the reactivity of 1** (NV,S-donor ligand) is different, showing the
I : 1 stoichiometry to give CmOH in a ~100 % yield based on the copper(l)
starting material. Such a unique reactivity of 1" can be attributed to the
presence of the sulfur atom. In order to get insight into the effect of the sulfur
atom, the reaction was examined by UV-vis, resonance Raman and EPR spectra
as follows.

1™ and an

Figure 4-7 shows the UV-vis spectral change for the reaction of
equimolar amount of CmOOH in acetone. After about 1000 s, an intermediate A
exhibiting characteristic absorption bands at 336, 465 and 625 nm was developed
(Figure 4-7, solid line). This intermediate was gradually converted to another
intermediate B having absorption bands at 336, 415, and 635 nm (Figure 4-7,
dashed line). When the solution was warmed up to room temperature, the
absorption bands in the visible region completely disappeared, suggesting
formation of a copper(I) product C (Figure 4-7, dotted line). The EPR spectrum
of the final reaction solution was essentially EPR silent, being consistent with the

formation of a copper (I) complex.
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Figure 4-7. The UV-vis spectra of Intermediate A (solid line; 1000 s after
the reaction of 1"** (0.5 mM) with an equimolar amount of CmOOH in
acetone at —85°C), B (dashed line; 1h after the reaction), and C (dotted line;

after warming up to 30°C).

Then, the reaction was examined by resonance Raman spectrum at the low
temperature. As shown in Figure 4-8, isotope-sensitive Raman bands were observed at
887, 827 and 610 cm™, which shifted to 794 and 603 cm™, when '®0O-labeled CmOOH
was employed. The Raman bands at 887 and 827 cm™' could be attributed to the O-O
bond stretching vibration of a cumylperoxide adduct intermediate A and the band at 610

cm™' may be due to its Cu—O stretching vibration.**

il o
| g

-
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Figure 4-8. Resonance Raman spectra of the intermediate derived from
the reaction of 1% (3.0 mM) with CmOOH (3.0 mM) generated by using
Cm'°O,H (solid line, below) and Cm'®O,H (dotted line, above) obtained
with A_,. =441.6 nm in CH,CN at —40°C; s denotes the solvent band.
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Scheme 4-2
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On the basis of these results, a possible reaction mechanism is proposed in Scheme
4-2.  Association of the copper(I) complex 1% and CmOOH may induce
proton-coupled electron-transfer (PCET) to generate intermediate A, where a proton of
CmOOH is transferred to the sulfur atom and an electron is transferred from copper(I)
to the sulfur atom. In this case, an empty d orbital of the sulfur atom can
accommodate the electron provided from copper(I). Then, nucleophilic attack of the
sulfur atom to the proximal oxygen leads to S—O bond formation with concomitant
proton migration to the distal oxygen atom. Eventually, O-O bond heterolytic
cleavage takes place to give intermediate B and CmOH. Then, electronic
rearrangement of B occurs upon warming to give a copper(I) complex C with an
oxygenated ligand.

The sulfoxide ligand LN was obtained nearly quantitatively after the work-up
treatment of the reaction mixture with NH,OH aq (demetalation). The formation of
L"° was confirmed by the 'H-NMR, IR and ESI-mass spectra (see Experimental
section), and the isotope labeling experiment using Cm'*0,H confirmed that the oxygen
atom incorporated to the ligand was originated from CmOOH used (Figure 4-9).
Although mechanistic details of the enzymatic reaction remain obscure, such a role of
sulfur ligand could be involved to enhance the O—O bond cleavage of the peroxide

intermediate in the copper monooxygenases.
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Figure 4-9. Experimental (bottom) and simulated (top) peak envelopes in
the positive-ion ESI-MS spectra of the ligand oxidation product derived
from the reaction mixture of 1™ and CmOOH in acetone. (left) with
Cm'°O,H and (right) with Cm"*O,H.

Conclusions

In summary, copper(I) and copper(Il) complexes of N,S ligand (L**) have been
synthesised and characterised in order to get insights into the effects of sulfur
atom of Met ligand in the enzyme active site. Structural examinations have
suggested that the sulfur coordination in the present model system is stronger than
that in the enzymatic system, causing higher stability of the copper(I) oxidation
state toward O,. Nonetheless, reactivity study using cumene hydroperoxide has
clearly indicated that the sulfur atom helps the O—O bond heterolysis of the
peroxide intermediate. Such an effect of sulfur must be important to facilitate
the enzymatic reactions. The present result also suggests that the sulfur atom of
the Met ligand in the enzymatic system can be oxygenated to sulfoxide during the
catalytic cycles. In other words, posttranslational modification of the Met sulfur

could occur in the enzyme active site.
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Concluding Remarks

In this thesis, the author has described his studies on control of oxygen—oxygen
bond cleavage of copper-peroxide complexes. Particular attention has been focused on
the effects of the ligand-denticity (tridentate vs. tetradentate), oxidation-state of copper
ion (Cu' vs. Cu"), and heteroatoms of the supporting ligand (nitrogen vs. sulfur) on the

oxygen—oxygen bond breaking pattern of the peroxide complexes.
The results and findings in this work are summarized as follows:

In chapter 1, redox properties of a mononuclear copper(Il) superoxide complex,
(L)Cu"-00’, have been examined toward several types of external substrates in order to
get further insight into the intrinsic reactivity of the end-on superoxide copper(Il)
complex. Based on the reactivity toward a series of one-electron reductants, the
reduction potential of (L)Cu"-OO" was estimated, and confirmed the reduction of the
oxidation state from superoxide to peroxide by the quantification of generated H,O,. In
the reaction of TEMPO-H (2,2,6,6-tetramethylpiperidine-N-hydroxide), a simple HAT
(hydrogen atom transfer) reaction took place to give the corresponding hydroperoxide
complex LCu"-OOH, whereas the reaction with phenol derivatives gave the
corresponding phenolate adducts, presumably via an acid-base reaction between the
superoxide ligand and the phenols. The reaction of (L)Cu"-OO" with a series of
triphenylphosphine derivatives gave the corresponding triphenylphosphine oxides via
an electrophilic ionic substitution mechanism. These reactivities of (L)Cu"-OO" which
is sharp contrast to those of a similar end-on superoxide copper(Il) complex supported
by a tetradentate TMGstren ligand
(1,1,1-Tris{2-[N°~(1,1 3 3-tetramethylguanidino)]ethyl }amine, Maiti, D. et al. Angew.
Chem., Int. Ed. 2008, 47, 82-85), colud be attributed to the different geometry of the

superoxide complesxes.

In chapter 2, copper(Il) complexes supported by tridentate ligand bpa
[bis(2-pyridylmethyl)amine] and tetradentate ligand tpa [tris(2-pyridylmethyl)amine],
respectively, react with cumene hydroperoxide (CmOOH) in the presence of base in
CH,CN to provide the corresponding copper(Il) cumylperoxide complexes, the
formation of which has been confirmed by resonance Raman and ESI-MS analyses
using '*O-labeled CmOOH. UV-vis and EPR spectra as well as DFT calculations
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providing their structural information. Both cumylperoxide copper(Il) complexes are
fairly stable at ambient temperature, but decompose at a higher temperature (60 °C) in
CH,CN. Detailed product analyses and DFT studies indicate that the self-decomposition
involves O-O bond homolytic cleavage of the peroxide moiety, concomitant
hydrogen-atom abstraction from the solvent is partially involved. In the presence of
1 4-cyclohexadiene (CHD), the cumylperoxide complexes react smoothly at 30 °C to
give benzene as one product. Detailed product analyses and DFT studies indicate that
reaction with CHD involves concerted O-O bond homolytic cleavage and
hydrogen-atom abstraction from the substrate, with the oxygen atom directly bonded to

the copper(Il) ion (proximal oxygen) involved in the C—H bond activation step.

In Chapter 3, the reaction of copper(I) complexes and cumene hydroperoxides has
been examined to demonstrate that heterolytic O-O bond cleavage of the peroxides
proceeds predominantly to give the corresponding alcohols (cumyl alcohols) as the
major product, where the stoichiometry of Cu' : peroxide is 2 : 1. The result is in sharp
contrast to the 1 : 1 reaction between the copper(Il) complexes and cumene
hydroperoxide, providing ketone (acetophenone) as the major product via homolytic

0O-0 bond cleavage.

Finally in chapter 4, in order to develop N,S coordination environment which
mimics the enzyme active site, the author has synthesized and characterized copper
complexes supported by a new type of sulfur-containing ligand (L"*%), which is related
to an N,-tridentate ligand (L™’) used in chapter 1. Structural study has suggested that
sulfur-coordination in the model system is much stronger than that in the enzyme
system, causing higher stability of the copper(I) oxidation state toward dioxygen. On
the other hand, reactivity study has demonstrated a notable electronic effect of sulfur
donor atom in the reaction with cumene hydroperoxide, inducing efficient heterolytic

0O-0 bond cleavage.

These new findings in this thesis not just contribute to a comprehensive
understanding of enzymatic reaction mechanism, but also provide a stimulus for
development of new environmentally-friendly methods for industrial large-scale

applications of transition-metal-catalyzed substrate oxidation reactions.
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