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Synthesis, Structures and Spectroscopic Properties of Copper and Nickel Complexes

with Nitrogen Donor Ligands

Jungyun Roh

Department of Chemistry. Graduate School,

Pukyong National University

Abstract

'8 07*)docosane ligands (L) have been

Two new copper(il) complexes of 3, 14-dimethyl-2,6.13,17-tetraazatricyclo[14.4.0'
synthesized and characterized by a combination of analytical, spectroscopic and crystallographic methods. In amber
[Cu(L1}(CIOy): (1), the ligand conformation is planar, and octahedral coordination about the copper ion is completed by two
unidentate C10y™ ions. In midnight blue [Cu(L2)}O,CH)}ClO; (2), the coordination geometry about the copper atom adopts an
unusual square pyramid with four equatorial nitrogen atoms from the macrocycle and an oxygen atom from the formate ligand,
with an uncoordinated ClO; ion. In both complexes, various types of hydrogen bonding interactions play an important role to
produce such geometries around the copper(1l) ions.

A bis(u-oxo)dinickel{11l) complex with Me,-pyxyl ligand, which shows the first reactivity of arene hydroxylation by a
bis(u-oxo)dinickel(111) core, has been successfully generated by treating the corresponding bis(z-hydroxo)dinickel(ll) complex
with equimolar amount of H,O, at low temperature. The bis(zoxo)dinickel(1{1) complex exhibits a characteristic UV-vis
absorption band at 407 nm and a resonance Raman band at 616 cm™ which shifted to 586 cm™ upon '*O-substitution. Kinetic
studies and isotope labeling experiments using H:'"*O, imply the existence of intermediate(s) such as peroxo dinickel(Il} in the
formation process of the bis(x-oxo)dinickel(111) complex. The bis(z~oxo)dinickel(I1f) complex gradually decomposes, leading
to arene hydroxylation of the supporting ligand. Isotope labeling experiment indicates the oxygen source of the phenoxo group
is H,0,, which shows the arene hydroxylation involves oxygen transfer from the bis(z~oxo)dinickel(11I) core. A similar arene
hydroxylation occurred in the Cu system where (u-17: 17-peroxo)dicopper(11) complex with the same ligand was observed as
an intermediate. Comparison of the structure and reactivity of the active oxygen complexes between the Ni and the Cu systems

are discussed.



General Introduction

Macrocyclic polyamines and their metal complexes have been the theme of
extensive studies for several decades. Macrocyclic compounds are found extensively
in nature, playing a role in some important biological processes. Special attention
and great efforts have been devoted to the studies of tetraaza macrocycles, because
of their potential relationship to the naturally occurring porphyrins and porphyrin-
analogs. For examples, the conversion of light energy from the sun into electrical
and chemical energy in photosynthesis depends on a magnesium containing
macrocycle, chlorophyll, oxygen is transported through the blood by heme, and a
vitamin B12 contains a cobalt ion. The naturally occurring molecules are often very
complex and difficult to study due to their association with several proteins. One
approach used to help understanding the processes is to make the model compounds
which have characteristics similar to the molecules found in nature. Model
compounds can often provide insight into the important factors of the structure of
the naturally occurring complexes as well as giving information into the design of
systems which can mimic biological behavior. Thus synthetic tetraaza macrocyclic
complexes have been used as model systems for these natural products.

In the meantime, dioxygen activation by transition-metal complexes is one of the

most important and attractive research objectives not only in bioinorganic chemistry



but also in numerous and diverse array of catalytic oxidation reactions. Specially,
tyrosinase is a ubiquitous binuclear copper enzyme, found in fungi, plants, and
animals, that catalyzes the hydroxylation of phenols to catechols and the oxidation
of catechols to quinones. To understand the mechanism of tyrosinase, nickel
complex with hydrogen peroxide species has also been investigated as mimetic
models.

Overall, this thesis is composed of two chapters. In the Chapter 1, we report the
syntheses and properties of noble Cu(ll) complexes with tetraaza macrocyclic
ligands. The details of the structures for the new complexes are determined by
spectroscopic and X-ray diffraction methods. The works in this chapter were carried
out at the Pukyong National University in Korea. In the Chapter II, we describe the
synthesis, characterization, and reactivity of the Ni complexes with nitrogen donor
ligand. This study was done at the Kanazawa University in Japan under the

supervision of Professor Masatatsu Suzuki.



CHAPTER1

Syntheses and Structures of Copper(Il) Complexes

Stabilized by Hydrogen Bonding

Abstract

Two new  copper(Il) complexes of the 3,14-dimethyl-2,6,13,17-
tetraazatricyclo[l4.4.0”8.07'12]docosane ligand (L) have been synthesized and
characterized by a combination of analytical, spectroscopic and crystallographic
methods. Crystal data for amber [Cu(L1)] (ClO4), (1) at 100 K: monoclinic space
group C2/c, a = 19.8962(6), b = 12.5133(4), c = 11.4168(3) A, B = 114.929Q2)°, V =
2577.58(13) A’; midnight blue [Cu(L2)(O,CH)] ClO4 (2) at 100 K: monoclinic
space group P2(1)/c, a = 8.8005(2), b = 18.6671(4), ¢ = 15.4825(3) A, B =
96.7040(10)°, V = 2526.07(9) A3 In 1, the ligand conformation is planar and
octahedral coordination about the copper ion is completed by two unidentate ClO4
ions. In 2, the coordination geometry about the copper atom adopts an unusual
square pyramid with four equatorial nitrogen atoms from the macrocycle and an

oxygen atom from the formate ligand, with an uncoordinated ClO4 ion. In both



complexes, various types of hydrogen bonding interactions play an important role to

produce such geometries around the copper(ll) ions.

1. Introduction

The 14-membered macrocycle, 1,4,8,11-tetraazacyclotetradecane (cyclam, L3) is
one of the most studied macrocyclic ligands. The introduction of C- or N-
substituents on L3 impacts the structures and reactivities in a variety of transition
metal systems. ['"®! The addition of substituents onto the ring generally is reflected
by loss of ligand flexibility which is manifested in metal ion complexation behavior
that is usually slower relative to L3.""" The ligand L, containing two cyclohexane
rings and methyl groups at the carbon atoms of the macrocycle has been shown to
have somewhat different structural properties in several metal complexes when
compared with the related metal complexes of L3. Many interesting complexes
including manganese(l11), " nickel(11), ("> copper(Il), (13151 and zine(11) ' jons
with L2 have been prepared and their structures elucidated earlier. As one
continuation of the investigation of the transition metal chemistry of L, a six-
coordinate [Cu(L1)] (ClOg4); (1) and a five-coordinate [Cu(L2)(O,CH)] ClO; (2)

have been prepared and studied. The copper(ll) ion in 1 is coordinated by two ClO4



anions at the axial positions, resulting in an elongated octahedral geometry. Each
ClO4 forms two hydrogen bonds with the macrocyclic ligand at pre-organized
binding sites. These binding sites are trans to each other on the N4 macrocycle.
Reactions of Cu(OAc),-H,O with L followed by sodium perchlorate have been
reported before and the square planar [Cu(L)](ClO4); structure has been suggested
on the basis of electronic spectral results. ['">) However, in the present case the similar
reaction procedure using Cu(ClO4),;'6H,0 instead of Cu(OAc),'H,O afforded the
distorted octahedral complex 1 in the solid state. The coordination environment
about the copper(ll) ion in 2 is a square pyramid with four nitrogen atoms from the
macrocycle and an oxygen atom from the formate ion. Numerous copper(Il)
complexes with tetraaza macrocyclic ligands have been reported but most of the
structurally determined copper(Il) complexes are six-coordinate. Five-coordinate
copper(ll) complexes with tetraaza macrocycles are still rare. The details of the
structures of 1 and 2 and the pre-organization of N-H directionality, with its role in

profacial selection of anion binding, in 1 are discussed in this report.






2. Experimental

2.1 Physical measurements

All chemicals utilized in this investigation were obtained from commercial
sources as reagent grade, and used without further purification. Distilled water
available from in-house resources was used for all procedures. Infrared spectra of
solid samples were recorded on a Perkin-Elmer Paragon 1000 FT-IR
spectrophotometer between 4000 cm™ and 400 cm™ as on KBr discs method. The
analytical laboratory of Korea Research Institute of Chemical Technology, Taejon,
Korea, performed elemental analyses. The free ligand, L, was synthesized by a

previously reported method. 3]

Caution! The perchlorate salts used in this study are potentially explosive and

should be handled in small quantities.



2.2. Syntheses

2.2.1. Synthesis of [Cu(L1)] -(ClOy); (1)

Methanol (200 mL) solution of L (5 g, 1.49 mmol) and Cu(CIQOy4),:6H,0 (5.51 g,
1.49 mmol) were heated at reflux for 30 min. The solution was cooled and the solid
was filtered, washed with methanol, and finally air-dried. Suitable crystals of 1(cis
fused cyclohexane rings, amber cubic) for X-ray diffraction were obtained by
recrystallization from DMF/water and subsequent isolation of the amber crystals
manually from the deep blue compound under a microscope. Anal. Calcd. for

C20HaoN4OgC1Cu (1) : C, 40.07; H, 6.68; N, 9.35. Found C, 40.38; H, 6.94; N, 9.48.

2.2.2. Synthesis of [Cu(L2)(O,CH)] -CIlO, (2)

[Cu(L)] - (ClO4)> was dissolved in a minimum amount of DMF/H,O with several
drops of triethylamine. After one week, the target complex 2 was separated out as
midnight blue crystals (trans fused cyclohexane rings, parallelepiped) just before the
solution was dried up. Suitable crystals of 2 for X-ray diffraction studies and
subsequent spectroscopic measurements were manually collected under a
microscope. A rational synthesis of complex 2 was also achieved in a different route
by the reaction between [Cu(L)] (ClOs), (2 g, 3.34 mmol) and potassium formate

(0.28 g, 3.34 mmol) in DMF/H,0. The crystals of 2 were obtained with minor
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impurities. The minor impurities were identified as unreacted starting complex 1 and
a diaqua copper(Il) complex, [Cu(L2)(H,0)|Cl,-2H,O (trans fused cyclohexane
rings, bluish purple plate), which was identified by a single crystal X-ray diffraction.
Anal. Calcd. for C;;H43N4O,CICu (2) : C, 44.79; H, 7.64; N, 9.95. Found C, 44.82;

H, 7.72; N, 9.87.

2.3. X-ray crystallography

A summary of selected crystallographic data for 1 and 2 is given in Table 1.1. X-
ray data were collected on a Nonius Kappa CCD diffractometer using graphite
monochromated Mo K radiaticn (A = 0.71073 A). A combination of 1° phi and
omega (with kappa offsets) scans were used to collect sufficient data. The data
frames were integrated and scaled using the Denzo-SMN package. !'”! The structures
were solved and refined using the SHELXTL\PC V5.1 package. " Refinement was
by full-matrix least squares on F* using all data (negative intensities included).
Hydrogen atoms were included in calculated positions except for those involving
hydrogen bonding - specifically for the hydrogen atoms of the water molecule and
those bonded to the nitrogen atoms, which were refined with isotropic thermal
parameters. For 1, the Cu-containing cation and the anion have crystallographic

inversion symmetry and there are two anions for each cation. For 2, there are two

10



Table 1.1. Crystal data and structure refinement for [Cu(L1)] (ClO4); (1) and
[Cu(L2)(O,CH)] ClO4 (2).

1 2
Empirical formula C0H40CLCuN,Og C, Hy3CICuN4O4
Formula weight 599.0 562.58
Temperature 100.0(1) 150(1)
Wavelength 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group C2/c P2(1)/c
a(A) 19.8962(6) 8.8005(2)
b(A) 12.5133(4) 18.6671(4)
c(A) 11.4168(3) 15.4825(3)
B(°) 114.929(2) 96.7040(10)
V(A?) 2577.58(13) 2526.07(9)
Z 2 4
Deaca(Mg/m’) 1.544 1.479
Absorption coefficient(mm™)  1.106 1.019
F(000) 1260 1196
Crystal size(mm) 0.27x0.24 x 0.24 0.25x0.20x0.13
0 range for data collection 3.11 to 27.50° 2.77t027.49°
Index ranges 0<h<25 0<h<11
0<k<16 0<k<24
-14<1<13 -20<1<19
Reflections collected 14282 28683
Independent reflections 2958 [R(int) = 0.045] 5792 [R(int) = 0.071]
Completeness to 0 99.8 %(6 =27.50°) 99.8 % (0=27.49°)
Absorption correction multi-scan (Denzo-SMN)
Max. and min. transmission 0.7771 and 0.7544 0.8790 and 0.7848
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 2958/0/162 5792/0/346
Goodness-of-fit on F? 0.975 0.987

11



Final R indices[I>26(1)] R1=0.0331, R1=0.0357,

wR2=0.0810 wR2=0.0813
R indices (all data) R1=0.0513, R1=0.0619,
wR2=0.0860 wR2=0.0876

Largest diff. peak and hole 0.481 and -0.464 ¢. A> 0.344 and -0.421 e. A

RI =3 Fo-Fll /21 Fol and wR2 = [Z [W(F,2-F?) Z [W(FD)'"™

12



molecules of crystallized water, which are involved in hydrogen bonding for every
cation molecule. The complex had one disordered perchlorate anion (disorder is
rotational about the CI(1)-O(3) bond; 61.8% for O(4), O(5), and O(6) and 38.2% for

0(4*), O(5*), O(6*)) and a formate anion.

3. Results and Discussion

3.1. Structures of 1

The structure of 1 confirms the analytical composition and shows that two
perchlorate oxygen atoms are axially disposed with respect to the central copper(ll)
ion (Figure 1.1). The ligand skeleton of the present complex adopts the classical
trans III(R,R,S,S) conformation with two chair-form six-membered and two gauche
five-membered chelate rings. ' 2 In 1, both of the ethylene bridges in the
macrocycle have been replaced by cis-cyclohexane. The interatomic distances
(Table 1.2) within the coordination sphere reflect the axially-elongated,
octahedrally-coordinated copper(ll) ion, with the four equatorially-positioned
macrocycle nitrogens each being strongly bonded at 2.0018(15) A — 2.0453(15) A,
in an essentially square arrangement. These are as expected for this type of

macrocyclic ligand complex. (13.1421.22] 1 contrast to 2, compound 1 exhibits a

13



tetragonally distorted octahedral complex, with two perchlorate anions, each
coordinated to the copper atom through one oxygen atom. The axial Cu-O distances
of 2.7418(13) A are among the longest found in related complexes
([Cu(L4)] (ClOs), ; 2.697(5) A: L4 = y-C-meso-5,5,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane; and [Cu(L3)]:(ClIO4), ; 2.57(4) A), [21.22]
probably as a result of the increased steric interactions with the two cyclohexane
rings and methyl groups. The long contacts between Cu and O (perchlorate) are also
indicative for an elongated Jahn-Teller axis along the O-Cu-O direction, in which
the two oxygen atoms are mutually frans to each other. In addition to weak Cu-O
bonds, two other oxygen atoms of the perchlorate groups are linked to the rest of the
molecule by weak intramolecular N-H O hydrogen bonds, while the fourth O atom
remains uninvolved in interactions with the pre-organized macrocycle (Table 1.3).
The long Cu-O contact is stabilized by these hydrogen bonding interactions. The
Cu-O linkages are bent slightly off the perpendicular to the Cu-N4 plane by 4-5°
(Table 1.2). The octahedral amber complex, 1, is stable in the solid state for a period

of several weeks.

14



Figure 1.1. Molecular structure of [Cu(L1)] - (ClO4); (1) with atom-labeling scheme.
Hydrogen atoms other than those participating in hydrogen bonding are

omitted for clarity.



Table 1.2. Selected interatomic distances (A) and angles (°) for [Cu(L1)]* (ClO4),
1).

Cu(1)-N(1) 2.0453(15) Cu(1)-N(2) 2.0018(15)
Cu(1)-0(1) 2.0453(15)

N(2)-Cu(1)-N(2)#1 180.00(9) N(2)-Cu(1)-N(1) 85.22(6)
N)#1-Cu(1)-N(1) 94.78(6) N(2)-Cu(1)-N(1)#1 94.78(6)
NY#1-Cu(1)-N(1)#1  85.22(6) N(1)-Cu(1)-N(1)#1 180.00(11)
N(2)-Cu(1)-O(1) 84.91(5) N(2)#1-Cu(1)-O(1) 95.09(5)
N(1)-Cu(1)-O(1) 85.78(5) N(D#1-Cu(1)-0(1) 94.22(5)

Symmetry transformations used to generate equivalent atoms:

#1 —x+1/2,-y+1/2,-z

Table 1.3. Hydrogen bonds for [Cu(L1)]-(ClOy), (1) [A and °].*

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(1)...0(2) 0.93 2.09 3.018(2) 171.8
N(2)-H(2)...0(4)#1 0.93 2.27 3.127(2) 152.2

Symmetry transformations used to generate equivalent atoms:
#1 -x+1/2,-y+1/2,-z

* The hydrogen atoms represented here were all refined isotropically.

16



3.2. Structures of 2

In 2, the copper atom is five-coordinate with bonds to the four secondary amine
nitrogen atoms of the macrocyclic ligand and to the oxygen atom of the formate
ligand. The basic ligand geometry in 2 is similar to 1 except for the two cyclohexane
rings which are fused to the central macrocycle as a trans fashion. Figure 1.2 shows
the structure of 2 as determined by single crystal X-ray diffraction. A listing of
selected interatomic distances and angles is given in Table 1.4. The ligand skeleton
found in 2 is basically similar to that observed from 1. The Cu-N atom distances
vary from 2.0216(16) A to 2.0517(17) A with an average distance of 2.035 A. The
Cu-O(formate) distance of 2.2343(15) A is ~ 15 % longer than the other Cu-O bonds.
The average Cu-O distance of 1.966 + 0.030 A, determined from five structures, is
found in a previous report. (23] The uncoordinated oxygen atom of the formate ligand
is hydrogen bonded to one of the hydrogen atoms of the secondary amine N(3) and
the water molecule O(1W). The hydrogen atom attached to N(2) also is hydrogen
bonded to the other water molecule O(1W)#1. The disordered perchlorate anion is
well-separated from the copper atom and the shortest distance between a copper
atom and an oxygen atom of the perchlorate anion is 3.313(4) A, which is well
outside any previously reported interactions. The remaining two oxygen atoms of

the perchlorate anion are involved in hydrogen bonds with the nitrogen-bound

17



hydrogen atoms of the secondary amines (Table 1.5).

The pertinent feature of this compound is its coordination geometry around the
central copper(Il) ion, which is a square pyramid with a tetraazamacrocycle L2.
Five-coordinated copper(Il) complexes are commonly observed in other macrocyclic
systems. “*2”) Contrary, most of the previous copper(Il) complexes based on ligand
L3 or its derivatives are axially elongated octahedra or square planar around the

central metal ion. !> %28

This trend was observed even with the employment of
common axial ligands such as N3, NCS’, and NCO with precursor complex 1.
However, the copper(Il) ion in 2 has a preference for adopting a five-coordinate
square pyramid where interacting with a formate ligand. The incoming formate
ligand displaces only one ClO4 anion from 1. The deviation from the N4 plane to
the Cu atom toward the site of the strong fifth coordination location is 0.1269(7) A
as expected. The aforementioned multiple hydrogen bonding interactions along with
the high basicity of the formate ligand are believed to stabilize this five-coordinate
geometry around the copper(Il) ion. The formate ligand coordinates to the copper(Il)
ion with one oxygen atom, thereby forming a six-membered ring, composed of the
copper(ll) ion, the three atoms of the formate ligand, the hydrogen atom attached to
N(3), and N(3). One of the lattice water molecules also contributes to stabilize the

formate ligand through hydrogen bonding. Although the perchlorate anion is far

from the copper(l]) coordination sphere, the atoms of the perchlorate anion reside in

18



a location to inhibit further attack of an additional incoming formate ligand. This
anion is anchored in place against the back face of the molecule with additional
hydrogen bonding interactions. These are present between O(3)#2 and H(2W), H(l)

and O(6), and H(4) and O(4%*) (Table 1.5).

19



Figure 1.2. Molecular structure of [Cu(L2)(O,CH)] ClO4 (2) with atom-labeling
scheme. Hydrogen atoms other than those participating in hydrogen
bonding are omitted for clarity. The positions of both refined partly

occupying are described for the disordered ClO, .

20



for

Table 1.4. Selected interatomic distances (A) angles  (°)
[Cu(L2)(0,CH)]- ClO; (2).

Cu(1)-N(1) 2.0324(16) Cu(1)-N(2) 2.0347(17)
Cu(1)-N(@3) 2.0216(16) Cu(1)-N(4) 2.0517(17)
Cu(1)-0(2) 2.2343(15) Cu(1)-0(5) 3.313(4)

O(1)-C(21) 1.243(3) 0(2)-C(21) 1.255(2)

N(3)-Cu(1)-N(1) 172.58(7) N(3)-Cu(1)-N(2) 96.00(7)

N(1)-Cu(1)-N(2) 85.10(7) N(3)-Cu(1)-N(4) 84.65(7)

N(1)-Cu(1)-N(4) 92.91(6) N(2)-Cu(1)-N(4) 169.24(7)
N@3)-Cu(1)-0(2) 98.05(6) N(1)-Cu(1)-0(2) 89.31(6)

N(2)-Cu(1)-0(2) 87.91(6) N(4)-Cu(1)-0(2) 102.66(6)

N(3)-Cu(1)-O(5) 90.18(9) N(1)-Cu(1)-0(5) 82.41(9)

N(2)-Cu(1)-0(5) 97.06(12) N(4)-Cu(1)-0(5) 72.18(12)
0(2)-Cu(1)-0(5) 169.92(7) C(21)-0(2)-Cu(1) 122.87(14)
O(1)-C(21)-0(2) 126.6(2)

Symmetry transformations used to generate equivalent atoms:

21



Table 1.5. Hydrogen bonds for [Cu(L2)(O,CH)] - ClO4 (2) [A and °].*

D-H...A d(D-H) d(H..A)  d(D..A)  <(DHA)
N()-H(1)...0(6) 0.93 2.19 3.113(6) 172.0
N(1)-H(1)...0(5%) 0.93 2.21 3.063(8) 152.6
N(2)-H(2)...0(1 W)#1 0.93 2.08 2.974(3) 161.0
N@B)-H(@3)...0(1) 0.93 1.99 2.848(2) 152.7
N(4)-H(4)...0(4*) 0.93 211 3.021(6) 165.9
O(IW)-H(OIW)...0(1)  0.75(3) 1.98(3) 2.727(3) 173(3)
O(IW)-HQ2W)..03)#2  0.72(3) 2.30(3) 3.013(3) 175(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z+1 #2 x+1,-y+3/2,2+1/2

* The hydrogen atoms represented here were all refined isotropically.
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3.3. Spectroscopy

The solid state infrared spectrum of 1 indicates the presence of coordinated ClOy4.
Thus, the CI-O stretching and bending modes are split into two strong absorptions at
1145, 1090, and 627 cm’', respectively, due to the lowering of the symmetry of the
perchlorate ion. Two vN-H bands are observed at 3245 and 3201 cm’, indicating the
presence of the hydrogen bonding arrangement that supports the overall structure in
1.} The spectrum of 2 contains typical uncoordinated vClO, bands at 1121 and
637 cm™', a VN-H band at 3130 cm™', and a vCOO™ band at 1633 cm', supporting the
crystal structure clearly. The strong bands at 1121 and 637 cm™, originating from
CI-O stretching and bending vibrations, respectively, are not split, which indicates
the presence of uncoordinated ClO; anions. ! A broad band at 3405 em’ s
assigned to vO-H stretching due to the lattice water.

In summary, both ClO4” counter anions in 1 are held by pre-organized interactions
with the macrocyclic ligand, resulting in Cu-O distances of 2.7418(13) A.
Conversely, for compound 2, an unusual five-coordinate geometry has been found
around the central atom. The apical formate ligand is held in place by hydrogen
bonds to the macrocyclic ligand. The sixth coordination site has a perchlorate anion,

which interacts with the N4 macrocycle by way of two N-H O hydrogen bonds;

however, it does not evidence interaction with the copper center (3.313(4) A).
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Spectroscopic data are consistent with the observed structure of an axially elongated

octahedron for 1, and an unusual square-based pyramid for 2.
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CHAPTER 11

Arene Hydroxylation by a bis(x-oxo)dinickel(IIT) complex

Abstract

A bis(u-oxo)dinickel(Il1) complex with Mes-pyxyl ligand, which shows the first
reactivity of arene hydroxylation by a bis(z-oxo)dinickel(Ill) core, has been
successfully generated by treating the corresponding bis(z~hydroxo)dinickel(1l)
complex with equimolar amcunt of H,0O, at low temperature. The bis(u-
oxo)dinickel(IlI) complex exhibits a characteristic UV-vis absorption band at 407
nm and a resonance Raman band at 616 cm™ which shifted to 586 cm™ upon #0-
substitution. Kinetic studies and isotope labeling experiments using H,'®0, imply
the existence of intermediate(s) such as peroxo dinickel(Il) in the formation process
of the bis(u-oxo)dinickel(Ill) complex. The bis(z~oxo)dinickel(Ill) complex
gradually decomposes, leading to arene hydroxylation of the supporting ligand.
Isotope labeling experiment indicates the oxygen source of the phenoxo group is
H,0,, which shows the arene hydroxylation involves oxygen transfer from the bis(u-

oxo)dinickel(Il) core. A similar arene hydroxylation occurred in the Cu system
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where (u-17: 17-peroxo)dicopper(Il) complex with the same ligand was observed as
an intermediate. Comparison of the structure and reactivity of the active oxygen

complexes between the Ni and the Cu systems are discussed.

1. Introduction

Arene hydroxylation by transition metal complexes is of great importance for
understanding the reaction mechanism of tyrosinase (Scheme 1).!'"' Since the
pioneering studies on aromatic ligand hydroxylation by Karlin et. al., (u-r:7/-
peroxo)dicopper(ll) intermediates have been regarded as a key step for arene
hydroxylation reaction initiated by an electrophilic attack on the aromatic ring.!’!
However, Tolman et al. have recently reported an example for arene hydroxylation
by bis(u-oxo)dicopper(Ill) species.®! Very recently, a bis(u-oxo)dicopper(Ill)
complex with a phenolate has also been reported which exhibits hydroxylation of the

arene ring through an electrophilic aromatic substitution reaction.!
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Scheme 1. The reaction mechanism of tyrosinase.
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In Cu/O; chemistry, structural isomers (- 772:772-peroxo) and bis(z-0x0) have been
found to be in a rapid equilibrium,”! which provokes the question of which one is a
real active species. To elucidate this dilemma, we have introduced Ni system
because theorists suggested that the equilibrium between the (u-r’:1-
peroxo)dinickel(Il) and bis(z-oxo)dinickel(IIl) core structures is strongly shifted
toward the bis(z-ox0) core in Ni system (Scheme 2).1%  Although arene
hydroxylation in the presence of Ni has been reported by Kimura et al., the active
oxygen intermediate has not been identified yet.m So far, a few bis(y+
oxo)dinickel(I1l) complexes have been identified, but all of them show reactivity for

only aliphatic C-H bond activation.®

TS R

0]

bis(u-oxo0) (u-n*:n*-peroxo)

Scheme 2.
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Herein, we report on the first arene hydroxylation by a bis(u-oxo)dinickel(I1I)
complex having Mes-pyxyl ligand. We have very recently reported the same type of
arene hydroxylation in the reaction of the Cu(l) complex with O,, where a (,u-ff: I72-
peroxo)dicopper(Il) complex having Mes-pyxyl ligand was observed as a reaction
intermediate.” Thus, this study provides important insights into the mechanism of
arene hydroxylation by comparing two systems based on bis(x-oxo)dinickel(I1T) and

(-1 if*-peroxo)dicopper(11) complexes with the same ligand.

) .

Mes-pyxyl
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2. Experimental

2.1 Physical measurements

Acetonitrile and acetone were dried over molecular sieves 5 A and distilled under
N; atmosphere before use.

UV-vis spectra were measured with a Simadzu diode array spectrometer
Multispec-1500 or an Otsuka Electronics photodiode array spectrometer MCPD-
2000 with an Otsuka Electronics optical fiber attachment. The temperatures were
controlled with a Unisoku thermostated cell holder for the former instrument and
with an EYELA low temperature pair stirrer PSL-1800 for the latter one.

Resonance Raman spectra were obtained with a liquid N; cooled CCD detector
(model LN/CCD-1340 <X 400PB, Princeton Instruments) attached to a | m-single
polychromator (model MC-100dg, Ritsu Oyo Kogaku). The 406.7 nm line of a Kr"
laser (model 2060 Spectra Physics) was used as an exciting source. The laser powers
used were ca. 10 mW at the sample point. All measurements were carried out with a
spinning cell (1000 rpm) at ca. -45 to ca. -80 C. Raman shifts were calibrated with
indene, and the accuracy of the peak positions of the Raman bands was + 1 cm™.

ESI-TOF/MS spectra were measured with a Micromass LCT spectrometer.
Accurate masses (in m/z) are referenced to tetrabutylammonium ion (m/Zz =

242.2848) as an internal standards. 'H-NMR spectra were measured with JEOL

34



INM-LM300 or JNM-LM400 using sodium 2.2-dimethyl-2-silapentane-5-sulfonate

(NaDSS) as an internal standard.

2.2. X-ray crystallography

Data collections were carried out on a Rigaku/MSC Mercury diffractometer with
graphite monochromated Mo Ko radiation (A = 0.71070 A). The data were collected
at =150+ 1 C.

The structure was solved by a direct method (SIR92)!"! and expanded using a
Fourier technique.'! The structure was refined by a full-matrix least-squares

! crystallographic software package (Molecular

method by using the teXan!'
Structure Corporation). The structure refinement was carried out by the observations
(I > 3.00(])). Non-hydrogen atoms, except for those of solvent molecules, were
refined with anisotropic displacement parameters. Hydrogen atoms were positioned

at calculated positions (0.95 A). They were included, but not refined, in the final

least-squares cycles.



2.3 synthesis and characterization of [Nir(O):(Mepyxyl)J** (2)

A bis(u-hydroxo)dinickel(1l) complex, [I\Jiz(OH)z(Me4-pyxyl)]2+ (1), has been
prepared as a precursor complex by addition of triethylamine to the ethanol solution
(20 ml) of Ni(ClOy4),-6H,O (183 mg, 0.5 mmol) and Mes-pyxyl (139 mg, 0.25
mmol). Molecular structure for a bis(z-methoxo)dinickel(Il) complex is given in
Figure 2.1. The reaction of 1 in acetone with 1 equiv. of H,0, at ~75°C leads to a
spectral change from light blue to dark brown, where a characteristic absorption
band at 407 nm (¢ = 4700 M cm™') has gradually developed due to the generation
of an intermediate species (Figure 2.2). Titration of 1 with H,O, at 407 nm indicates
that the stoichiometry of the reaction between 1 and H,0; is 1:1 (Figure 2.3).
Moreover, a resonance Raman spectrum of the intermediate exhibits an isotope-
sensitive band at 616 cm™ that shifts to 586 cm™ for an '*O-labeled sample prepared

by H,'%0, (Figure 2.4).
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W, N\ %)

Figure 2.1. Molecular structure of [Ni(OCH;),(Mes-pyxyl)] (1b) with atom-

labeling scheme. Hydrogen atoms are omitted for clarity.
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Table 2.1. Atomic coordinates and B, for [Ni2(OCH;)2(Mes-pyxyl)]

atom X y Z B,
Ni(1) 0.47530(6) 0.75394(3) 0.81577(3) 0.0169(1)
Ni(2) 0.41457(6) 0.76943(3) 0.68374(3) 0.0171(1)
Ni(3) 0.18602(6) 0.27878(3) 0.69370(2) 0.0161(1)
Ni(4) 0.08423(6) 0.27166(3) 0.82542(2) 0.0160(1)
Ci(1) 0.8018(3) 0.0554(2) 0.5004(1) 0.0319(6)
Ci(2) -0.2124(1) 0.01854(8) 0.76291(8) 0.0374(4)
CI(3) 0.2294(2) -0.0013(1) 0.99994(10) 0.0222(5)
Cl4) 0.2549(1) 0.50135(7) 0.97120(5) 0.0206(2)
CI(5) -0.2441(1) 0.46528(7) 0.50463(5) 0.0246(3)
o(1) 0.5652(3) 0.7624(2) 0.7372(1) 0.0197(7)
0(2) 0.3296(3) 0.7570(2) 0.7622(1) 0.0178(7)
0(3) 0.2478(3) 0.2768(2) 0.7712(1) 0.0192(7)
0(4) 0.0188(3) 0.2775(2) 0.7473(1) 0.0175(7)
0/6)) 0.7585(10) 0.1347(5) 0.4862(4) 0.038(2)
0O(6) 0.948(1) 0.0232(8) 0.4771(5) 0.069(4)
o) 0.748(1) 0.0166(5) 0.4734(3) 0.051(3)
0(8) 0.792(1) 0.0389(6) 0.5605(4) 0.046(3)
0(9) -0.1536(6) 0.0681(3) 0.7266(3) 0.059(2)
0(10) -0.2566(6) -0.0266(3) 0.7281(3) 0.057(2)
o(11) -0.1073(5) -0.0321(3) 0.7991(3) 0.062(2)
0(12) -0.3296(6) 0.0639(3) 0.7969(3) 0.061(2)
O(13) 0.1275(8) 0.0406(4) 0.9672(3) 0.030(2)
O(14) 0.3401(9) -0.0397(6) 0.9619(4) 0.045(3)
o(15) 0.173(2) -0.0521(7) 1.0330(4) 0.079(4)
0(16) 0.278(1) 0.0388(8) 1.0362(5) 0.070(4)
0o17) 0.3468(4) 0.4437(2) 0.9354(2) 0.037(1)
O(18) 0.1632(4) 0.4699(3) 1.0082(2) 0.037(1)
O(19) 0.3362(4) 0.5279(3) 1.0060(2) 0.035(1)
0(20) 0.1719(4) 0.5650(2) 0.9343(2) 0.038(1)
oz -0.1100(4) 0.4403(2) 0.4713(2) 0.0337(10)
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0(22)
0(23)
0(24)
N(1)
NQ)
NQG)
N(4)
N(5)
N(6)
N(7)
N(8)
N(9)
N(10)
N(11)
N(12)
C(1)
C(2)
C@3)
C4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
can
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)

-0.2880(6)
-0.3442(5)
-0.2323(5)

0.5210(4)
0.3266(4)
0.6505(4)
0.4790(4)
0.5034(4)
0.2273(4)
0.1257(4)
0.3804(4)
0.1210(4)
0.0227(4)
0.2106(4)

-0.1058(4)

0.5566(5)
0.5851(5)
0.5767(6)
0.5326(6)
0.4967(6)
0.5107(5)
0.6103(6)
0.4986(6)
0.5449(5)
0.6177(7)
0.6467(7)
0.6057(6)
0.5323(5)
0.4857(7)
0.3538(6)
0.2223(6)
0.1024(6)

0.5478(2)
0.4474(4)
0.4277(3)
0.6480(2)
0.7956(2)
0.7522(2)
0.6771(2)
0.8216(2)
0.7858(2)
0.3789(2)
0.2719(2)
0.2313(2)
0.3690(2)
0.2203(2)
0.2672(2)
0.5909(3)
0.5613(3)
0.4886(3)
0.4491(3)
0.4807(3)
0.5528(3)
0.6111(3)
0.7122(3)
0.7806(3)
0.8037(3)
0.8706(4)
0.9131(4)
0.8874(3)
0.9330(3)
0.6524(3)
0.7205(3)
0.7160(3)

0.5086(2)
0.4748(2)
0.5623(2)
0.8685(2)
0.8817(2)
0.8558(2)
0.6293(2)
0.6158(2)
0.6461(2)
0.6367(2)
0.6497(2)
0.6315(2)
0.8753(2)
0.8919(2)
0.8657(2)
0.7502(2)
0.6955(2)
0.6901(2)
0.7385(2)
0.7912(2)
0.7982(2)
0.6433(2)
0.5690(2)
0.5698(2)
0.5198(3)
0.5212(3)
0.5682(3)
0.6173(2)
0.6692(3)
0.6316(2)
0.6272(2)
0.6057(2)

0.046(1)
0.058(2)
0.035(1)
0.0189(9)
0.0179(9)
0.0182(9)
0.0207(9)
0.0226(10)
0.0200(9)
0.0162(8)
0.0194(9)
0.0180(9)
0.0167(8)
0.0189(9)
0.0171(8)
0.022(1)
0.022(1)
0.025(1)
0.026(1)
0.026(1)
0.021(1)
0.025(1)
0.026(1)
0.026(1)
0.037(1)
0.042(2)
0.038(2)
0.026(1)
0.034(1)
0.027(1)
0.023(1)
0.028(1)
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C(44)
C(45)
C(46)
C(47)
C(48)
C(49)

-0.0183(6)
-0.0142(6)

0.1112(5)
0.1255(6)
0.4657(5)
0.4630(5)
0.3292(5)
0.2170(5)
0.1040(5)
0.1047(5)
0.2172(5)
0.2177(6)
0.6759(5)
0.7343(5)
0.8681(5)
0.9174(5)
0.8313(5)
0.6950(5)
0.5938(6)
0.7068(5)
0.2019(6)
0.0177(5)
0.0025(5)
0.0150(5)
0.0486(6)
0.0712(5)
0.0551(5)

-0.0101(5)

0.1179(5)
0.0817(5)
0.0161(5)

-0.0085(6)

0.7816(4)
0.8482(3)
0.8496(3)
0.9203(3)
0.5865(3)
0.6723(3)
0.7399(3)
0.7491(3)
0.8161(3)
0.8738(3)
0.8611(3)
0.9204(3)
0.6168(3)
0.6810(3)
0.6669(3)
0.7265(3)
0.8017(3)
0.8135(3)
0.8924(3)
0.7558(3)
0.7446(4)
0.4464(3)
0.4847(3)
0.5575(3)
0.5897(3)
0.5485(3)
0.4755(3)
0.4445(3)
0.3525(3)
0.2791(3)
0.2612(3)
0.1919(3)

0.6065(2)
0.6267(2)
0.6455(2)
0.6653(2)
0.8564(2)
0.9277(2)
0.9251(2)
0.9667(2)
0.9641(2)
0.9191(2)
0.8782(2)
0.8288(2)
0.8680(2)
0.8724(2)
0.8915(2)
0.8917(2)
0.8745(2)
0.8589(2)
0.8450(3)
0.7215(2)
0.7785(2)
0.7557(2)
0.7009(2)
0.6920(2)
0.7375(2)
0.7923(2)
0.8022(2)
0.6495(2)
0.5785(2)
0.5839(2)
0.5402(2)
0.5457(2)

0.030(1)
0.029(1)
0.024(1)
0.030(1)
0.021(1)
0.023(1)
0.020(1)
0.025(1)
0.028(1)
0.025(1)
0.022(1)
0.028(1)
0.022(1)
0.020(1)
0.023(1)
0.027(1)
0.027(1)
0.021(1)
0.033(1)
0.028(1)
0.031(1)

0.0192(10)

0.0181(10)
0.023(1)
0.027(1)
0.024(1)

0.0188(10)
0.021(1)
0.021(1)
0.020(1)
0.025(1)
0.026(1)
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C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)

0.0304(6)
0.0951(5)
0.1369(6)
0.2472(5)
0.3809(5)
0.5003(5)
0.6243(5)
0.6226(5)
0.4975(5)
0.4894(6)
0.0831(5)
0.0627(5)
0.1967(5)
0.2936(6)
0.4063(6)
0.4193(5)
0.3219(5)
0.3341(5)
0.1341(5)
-0.1937(5)
-0.3328(5)
-0.3836(5)
-0.2947(5)
-0.1546(5)
-0.0504(6)
0.3735(6)
-0.1182(5)

0.1430(3)
0.1639(3)
0.1117(3)
0.4076(2)
0.3418(3)
0.3525(3)
0.2891(3)
0.2177(3)
0.2106(3)
0.1343(3)
0.4320(3)
0.3353(3)
0.2673(3)
0.2513(3)
0.1830(4)
0.1340(3)
0.1539(3)
0.1028(3)
0.4009(3)
0.3365(3)
0.3476(3)
0.2880(3)
0.2175(3)
0.2077(3)
0.1312(3)
0.2843(4)
0.2861(3)

0.5947(2)
0.6379(2)
0.6930(2)
0.6338(2)
0.6262(2)
0.5973(2)
0.5945(3)
0.6191(3)
0.6460(2)
0.6706(3)
0.8607(2)
0.9349(2)
0.9340(2)
0.9757(2)
0.9758(2)
0.9334(2)
0.8909(2)
0.8436(3)
0.8757(2)
0.8806(2)
0.8983(2)
0.8988(2)
0.8833(2)
0.8671(2)
0.8517(2)
0.7850(2)
0.7315(2)

0.027(1)
0.022(1)
0.027(1)
0.0192(10)
0.020(1)
0.026(1)
0.032(1)
0.031(1)
0.023(1)
0.036(1)
0.020(1)
0.021(1)
0.0190(10)
0.029(1)
0.033(1)
0.029(1)
0.023(1)
0.029(1)
0.020(1)
0.020(1)
0.021(1)
0.024(1)
0.026(1)
0.022(1)
0.026(1)
0.030(1)
0.024(1)

41



Table 2.2. Anisotropic displacement parameters for [Niz(OCH3)2(Megs-pyxyl)]

atom Uy, U Uss U, Uis U
Ni(1)  0.0185(3) 0.0173(3) 0.0162(3) -0.0075(2) -0.0017(2) -0.0009(2)
Ni(2) 0.0201(3) 0.0157(3) 0.0161(3) -0.0073(2) -0.0004(2) -0.0008(2)
Ni(3) 0.0180(3) 0.0159(3) 0.0152(3) -0.0069(2) -0.0006(2) -0.0009(2)
Ni(4) 0.0174(3) 0.0163(3) 0.0151(3) -0.0069(2) -0.0001(2) -0.0008(2)
CI(1)  0.043(1) 0.028(1) 0.031(1) -0.020(1)  -0.009(1)  0.0045(10)
Cl(2) 0.0233(6) 0.0349(7) 0.0570(9) -0.0123(5) -0.0031(6) -0.0070(6)
CI(3)  0.0227(10) 0.026(1) 0.0178(9) -0.0080(9) 0.0007(8) -0.0022(8)
Cl(4) 0.0173(5) 0.0265(5) 0.0182(5) -0.0076(4) -0.0012(4) -0.0015(4)
CI(5) 0.0271(6) 0.0273(5) 0.0181(5) -0.0067(5) -0.0015(4) -0.0033(4)
o) 0.019(1) 0.020(1) 0.020(2) -0.006(1)  0.000(1) -0.003(1)
0(2) 0.020(1) 0.025(2) 0.012(1) -0.012(1)  -0.001(1)  -0.003(1)
03) 0.019(1) 0.030(2) 0.012(1) -0.012(1)  0.000(1) -0.002(1)
o) 0.017(1) 0.019(1) 0.018(1) -0.007(1)  -0.001(1) -0.003(1)
0O(5) 0.046(5) 0.034(4) 0.043(5) -0.024(4) -0.017(4)  0.009(4)
0(6) 0.062(7) 0.077(8) 0.060(7) -0.022(6)  0.017(6) 0.008(6)
o(7) 0.118(9) 0.025(4) 0.023(4) -0.047(5)  0.033(5) -0.012(3)
0(8) 0.067(6) 0.047(5) 0.028(4) -0.025(5)  0.000(4) -0.006(4)
O(9) 0.051(3) 0.049(3) 0.082(4) -0.029(2) 0.021(3) -0.010(3)
O(10)  0.052(3) 0.043(3) 0.086(4) -0.025(2) -0.021(3) -0.008(3)
O(11) 0.038(3) 0.061(3) 0.087(4) -0.011(2) -0.034(3) -0.003(3)
0(12) 0.042(3) 0.053(3) 0.081(4) -0.012(2) 0.014(3) -0.011(3)
O(13) 0.025(3) 0.033(4) 0.018(3) 0.011(3) -0.004(3)  -0.006(3)
O(14)  0.026(4) 0.064(6) 0.039(5) -0.002(4)  0.001(4) -0.020(4)
O(15)  0.17(1) 0.067(7) 0.027(5) -0.083(9) 0.001(7) 0.009(5)
0(16) 0.092(9) 0.100(10)  0.049(6) -0.067(8)  0.005(6) -0.031(6)
O(17) 0.032(2) 0.037(2) 0.039(2) -0.004(2)  0.003(2) -0.018(2)
O(18) 0.033(2) 0.059(3) 0.027(2) -0.028(2)  0.004(2) 0.003(2)
0(19) 0.026(2) 0.057(3) 0.030(2) -0.021(2)  0.000(2) -0.011(2)
0(20) 0.031(2) 0.035(2) 0.042(2) -0.005(2) -0.011(2) 0.011(2)
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o@21)
0(22)
0(23)
0(24)
N(1)
N(2)
NQ@3)
N(4)
NG5)
N(6)
N(7)
N(8)
N(9)
N(10)
N(11)
N(12)
c()
C(2)
C@3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)

0.034(2)
0.072(3)
0.046(3)
0.039(2)
0.020(2)
0.021(2)
0.017(2)
0.030(2)
0.027(2)
0.024(2)
0.018(2)
0.020(2)
0.020(2)
0.020(2)
0.017(2)
0.021(2)
0.030(2)
0.026(2)
0.035(3)
0.037(3)
0.030(2)
0.028(2)
0.033(3)
0.036(3)
0.025(2)
0.041(3)
0.034(3)
0.029(3)
0.025(2)
0.041(3)
0.039(3)
0.033(3)

0.037(2)
0.028(2)
0.087(4)
0.042(2)
0.022(2)
0.020(2)
0.019(2)
0.015(2)
0.023(2)
0.021(2)
0.016(2)
0.020(2)
0.021(2)
0.018(2)
0.021(2)
0.019(2)
0.015(2)
0.019(2)
0.018(2)
0.018(2)
0.023(2)
0.018(2)
0.021(2)
0.027(2)
0.021(2)
0.031(3)
0.040(3)
0.037(3)
0.021(2)
0.022(2)
0.021(2)
0.024(2)

0.021(2)
0.029(2)
0.053(3)
0.024(2)
0.015(2)
0.016(2)
0.021(2)
0.016(2)
0.020(2)
0.017(2)
0.015(2)
0.020(2)
0.015(2)
0.014(2)
0.018(2)
0.015(2)
0.019(2)
0.020(2)
0.020(2)
0.028(2)
0.026(2)
0.019(2)
0.019(2)
0.014(2)
0.025(2)
0.031(3)
0.046(4)
0.051(4)
0.031(3)
0.045(3)
0.024(2)
0.016(2)

-0.004(2)
-0.010(2)
-0.025(3)
20.017(2)
0.006(1)
-0.009(1)
-0.009(1)
-0.007(2)
-0.010(2)
-0.010(2)
-0.006(1)
-0.010(1)
-0.009(1)
-0.009(1)
-0.006(1)
20.012(1)
-0.006(2)
-0.005(2)
-0.007(2)
0.012(2)
-0.010(2)
0.010(2)
-0.006(2)
-0.008(2)
-0.002(2)
-0.005(2)
-0.013(3)
0.020(2)
-0.010(2)
-0.015(2)
0.015(2)
0.013(2)

0.006(2)
0.019(2)
-0.006(2)
0.004(2)
0.000(1)
-0.002(1)
0.000(1)
0.002(2)
-0.002(2)
-0.001(1)
-0.001(1)
0.003(1)
0.002(1)
0.000(1)
-0.002(1)
-0.001(1)
-0.003(2)
-0.002(2)
-0.004(2)
-0.010(2)
-0.003(2)
-0.003(2)
0.005(2)
0.002(2)
0.003(2)
0.012(2)
0.008(3)
-0.002(2)
-0.005(2)
-0.001(3)
-0.007(2)
-0.005(2)

0.005(2)
-0.008(2)
-0.040(3)
0.003(2)
-0.003(1)
-0.005(1)
-0.003(1)
-0.003(1)
0.002(1)
0.000(1)
0.001(1)
-0.004(1)
-0.005(1)
-0.003(1)
0.002(1)
-0.001(1)
0.002(2)
0.001(2)
-0.002(2)
0.002(2)
-0.002(2)
-0.005(2)
-0.007(2)
-0.002(2)
0.002(2)
0.001(2)
0.015(3)
0.014(3)
0.007(2)
-0.005(2)
0.000(2)
0.002(2)
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C(17)
C(18)
C(19)
C(20)
cen
C(22)
C(23)
C(24)
C(25)
C(26)
C@27)
C(28)
C(29)
C(30)
c3h
C(32)
C(33)
C(34)
C(35)
C(36)
C@37)
C(38)
C(39)
C(40)
Cc@l
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)

0.035(3)
0.035(3)
0.026(2)
0.028(2)
0.038(3)
0.030(2)
0.030(2)
0.022(2)
0.026(2)
0.024(2)
0.022(2)
0.026(2)
0.031(3)
0.023(2)
0.018(2)
0.018(2)
0.020(2)
0.022(2)
0.020(2)
0.030(3)
0.024(2)
0.032(3)
0.019(2)
0.016(2)
0.028(2)
0.037(3)
0.030(2)
0.021(2)
0.019(2)
0.025(2)
0.021(2)
0.029(2)

0.034(3)
0.044(3)
0.035(3)
0.025(2)
0.024(2)
0.023(2)
0.028(2)
0.024(2)
0.037(3)
0.036(3)
0.026(2)
0.021(2)
0.024(2)
0.022(2)
0.028(2)
0.024(2)
0.041(3)
0.029(2)
0.021(2)
0.021(2)
0.032(3)
0.054(3)
0.016(2)
0.017(2)
0.016(2)
0.023(2)
0.019(2)
0.015(2)
0.022(2)
0.024(2)
0.024(2)
0.029(2)

0.021(2)
0.017(2)
0.023(2)
0.020(2)
0.026(2)
0.014(2)
0.015(2)
0.019(2)
0.017(2)
0.025(2)
0.028(2)
0.023(2)
0.030(3)
0.021(2)
0.015(2)
0.026(2)
0.022(2)
0.032(3)
0.023(2)
0.050(3)
0.027(2)
0.019(2)
0.021(2)
0.021(2)
0.024(2)
0.026(2)
0.027(2)
0.022(2)
0.022(2)
0.015(2)
0.017(2)
0.020(2)

0.019(2)
-0.020(2)
-0.008(2)
0.010(2)
-0.006(2)
-0.013(2)
0.014(2)
-0.012(2)
-0.018(2)
-0.012(2)
-0.005(2)
20.011(2)
20.011(2)
-0.008(2)
-0.008(2)
-0.002(2)
20.014(2)
0.014(2)
-0.009(2)
-0.010(2)
-0.010(2)
0.031(3)
-0.004(2)
-0.004(2)
-0.006(2)
-0.017(2)
-0.014(2)
-0.008(2)
-0.004(2)
-0.009(2)
-0.009(2)
-0.013(2)

-0.007(2)
-0.006(2)
-0.004(2)
-0.001(2)
-0.004(2)
-0.001(2)
0.000(2)
-0.003(2)
0.001(2)
0.006(2)
-0.004(2)
-0.002(2)
-0.003(2)
-0.006(2)
0.000(2)
-0.001(2)
0.000(2)
-0.003(2)
-0.002(2)
-0.005(2)
0.001(2)
0.004(2)
0.003(2)
0.000(2)
-0.003(2)
0.003(2)
0.006(2)
0.005(2)
-0.003(2)
0.000(2)
-0.001(2)
-0.004(2)

0.002(2)
-0.001(2)
0.001(2)
0.002(2)
-0.003(2)
0.001(2)
-0.002(2)
-0.005(2)
0.002(2)
-0.006(2)
-0.008(2)
-0.004(2)
0.001(2)
0.002(2)
-0.003(2)
-0.005(2)
0.000(2)
0.000(2)
-0.004(2)
-0.003(2)
0.000(2)
-0.007(2)
-0.006(2)
-0.005(2)
0.002(2)
-0.004(2)
-0.007(2)
-0.005(2)
-0.004(2)
-0.002(2)
-0.003(2)
-0.004(2)
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C(49)
C(50)
)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)

0.028(2)
0.031(3)
0.024(2)
0.033(3)
0.028(2)
0.024(2)
0.022(2)
0.016(2)
0.018(2)
0.020(2)
0.033(3)
0.019(2)
0.025(2)
0.022(2)
0.026(2)
0.027(3)
0.023(2)
0.020(2)
0.020(2)
0.018(2)
0.020(2)
0.023(2)
0.016(2)
0.027(2)
0.028(2)
0.028(2)
0.028(2)
0.020(2)

0.030(2)
0.026(2)
0.022(2)
0.022(2)
0.015(2)
0.026(2)
0.025(2)
0.035(3)
0.023(2)
0.022(2)
0.021(2)
0.020(2)
0.027(2)
0.023(2)
0.043(3)
0.045(3)
0.034(3)
0.021(2)
0.022(2)
0.022(2)
0.026(2)
0.024(2)
0.038(3)
0.027(2)
0.020(2)
0.022(2)
0.055(3)
0.032(2)

0.024(2)
0.027(2)
0.023(2)
0.029(3)
0.015(2)
0.016(2)
0.030(2)
0.044(3)
0.048(3)
0.025(2)
0.048(3)
0.022(2)
0.015(2)
0.014(2)
0.020(2)
0.028(3)
0.026(2)
0.029(2)
0.040(3)
0.019(2)

1 0.015(2)
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-0.006(2)
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20.014(2)
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0.000(2)
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-0.005(2)
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Figure 2.2. Spectral change in the reaction of [Niz(OH)z(MeA;-pyxyl)]2+ (1) with 1

equiv. of H,O; in acetone at —75 °C (4 min interval).
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Figure 2.3. Titration of [Nio(OH),(Mes-pyxy)J(ClO4), with H,O; in acetone at

—75°C.
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Figure 2.4. Resonance Raman spectra of [Niy(**0)(Mes-pyxyDF" (upper line)
and [Nix("*0)(Mes-pyxyD]** (lower line) obtained with 406.7 nm
excitation in acetone at —40 °C. The “*” mark indicates a solvent band.

The “**” mark is not assigned.
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3. Results and Discussion

The intense UV-vis band at 407 nm is similar to the characteristic spectra of
previously reported bis(u-oxo)dinickel(Ill) complexes (Table 2.3). The isotope-
sensitive resonance Raman band at 616 cm™ and the observed isotope shift (A = 30
cm’') are also greatly similar to that of the bis(z-oxo)dinickel(IIl) complexes. These
results clearly indicate the intermediate is a bis(z~oxo)dinickel(Ill) complex with
formular [Niz(O)(Mes-pxyD]* (2).

The spectral change in the reaction of 1 and H,0O; is shown in Figure 2.2, where
increase of the absorption band at 407 nm obeyed good first-order kinetics (Figure
2.5). The rate constant (ky) of 0.071 s at —75°C for the formation of 2 is comparable
to that of Itoh’s bis(z~oxo)dinickel(Ill) complexes (e.g. [Niz(O)g(LS)]2+; ke=0.046 s
'"at —90°C). Furthermore, the oxygen source of 2 has been confirmed as hydrogen
peroxide by the isotope labeling experiment using H,"%0, in the presence of H,'°0
(Figure 2.4), which implies the existence of a putative (x- 1 P-peroxo)dinickel(Il)
species in the formation process. All these results indicate that the formation process
for 2 is quite similar to those of Itoh’s bis(u-oxo)dinickel(1ll) complexes, where a
plausible mechanism involving rate-determining isomerization of the bis(u-
hydroxo)dinickel(1l) complex prior to a rapid H,O, attack and fast conversion to the

bis(u-oxo)dinickel(Il) complex via a transient (u- 7 1f-peroxo)dinickel (1) species
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has been proposed (Scheme 3).

Table 2.3. UV-vis and resonance Raman data for reported bis(u-oxo)dinickel(I11)

complexes with tridentate N-donor ligands.

UV-vis Raman

Complex A /nm e/M'em? v(®0) v(*0) Av ref
[Ni,(0),(L1"* 408 6000 612 580 32 [13]
[Niy(0)(L2)1* 406 3000 616,600 578,568 32,32 [13]
[Ni(0)2(L3)** 412 4800 599 570 29 [13]
[Niz(O)(L4* 414 5600 609 579 30 [13]
[Niy(O)(LS)* 406 1200 610 577 33 [13]
[Nio(0)(Tp™M*)* 410 4200 [14]
[Niz(0)(TpMeH)* 405 3900 [14]
[Niz(0)(TpMeB)* 404 2800 [14]
[Ni2(O)(Tp"™)** 404 10500 [14]
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A
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Figure 2.5. First-order plot based on the absorption change at 407 nm.
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Complex 2 is relatively stable at low temperature (below —70°C), whereas
decomposition gradually occurs at high temperature (above —30°C), leading to arene
hydroxylation, as those to be observed in the reaction of [Cu;;_(Me4-pyxyl)]2+ with O;.
The ESI-TOF/MS spectrum of the thermally decomposed solution shows a
prominent signal at m/z 352, whose masses and observed isotope patterns were
consistent with their respective formulation as [Niy(OH)(Mes-pyxyl-O)]** (3)
(Figure 2.6.). The formation of Mes-pyxyl-OH was also confirmed by a ligand-
recovery experiment using 'H-NMR (Figure 2.7); the yield of arene hydroxylation
(Mey-pyxyl-OH) was 72 %. The oxygen source for the phenoxo group in Mes-pyxyl-
OH was identified as hydrogen peroxide by the isotope labeling experiment using
H,'0, (Figure 2.4), indicating that the arene hydroxylation involves oxygen transfer
from the bis(x-oxo)dinickel(I1l) core in 2, as observed in arene hydroxylation by Cu

system .
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Figure 2.6. ESI-TOF/MS spectrum of a thermally decomposed solution of 2. Insets
are the experimental spectrum (lower) in the m/z 350 - 360 region and the
simulated one (upper) showing the formation of arene hydroxylation,
[{Niz(OH)(Me4-pyxyI-0)}2+] (m/z 352). Asterisk (*) shows a reference

mark ([{CH5(CHy);}aN']: m/z 242.2848).
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In conclusion, we have demonstrated the first example of arene hydroxylation by
a bis(z~oxo)dinickel(I11) core, in sharp contrast to the result that all previously
reported bis(u~oxo)dinickel(IlT) cores have activated an aliphatic C-H bond. It is
noteworthy that a bis(gz-oxo)dinickel(Ill) core is produced as an intermediate for
arene hydroxylation reaction, in contrast with Cu system, which forms a (u-17":17-
peroxo)dicopper(ll) core with the same ligand. Previous spectroscopic and
computational studies on a related bis(z-oxo)dinickel(11l) core show significant
kinetic and thermodynamic stability for the bis(z-oxo)dinickel(Ill) core relative to a
putative Qu-nzznz-peroxo)dinickel(ll) core. Thus this Ni system, unlike Cu system,

clearly shows a bis(z~0x0) core is able to hydroxylate an arene directly.
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