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General Introduction

Selective oxidation of hydrocarbons to valuable organic compounds is a key process
in synthetic and industrial chemistry. For hydrocarbon oxidation reactions, transition
metal oxides (MxO,) such as FeCrO4, Fe203, and MnO> had been used as an oxidant, since

they are abundant in mineral and sea water.'"!

For example, chromium oxide (CrO3) is
well known to oxidize alcohols to the corresponding aldehydes and carboxylic acids
(Jones oxidation).'’ 12 Potassium permanganate (KMnQs) is also used in oxidative
cleavage of alkenes.'?

Osmium tetroxide (OsO4) adopts the highest oxidation number of +VIII having a
monomeric tetrahedron structure, which has been frequently employed for cis-

1420 The reaction mechanism

dihydroxylation and cis-aminohydroxylation of alkenes.
for alkene the cis-dihydroxylation has been investigated in detail with various approaches
such as kinetic analysis and theoretical calculations to demonstrate that an OsO4 adduct
of'alkene is involved as a key reaction intermediate. Then, the OsO4 adduct intermediate
is hydrolyzed to give diol products and OsY'0,(OH),, the latter of which is reoxidized by
an oxidant [O] such as N-methylmorpholine N-oxide (NMO) to regenerate OsOu,
completing the catalytic cycle (Scheme 1).2"2  On the other hand, the reaction
mechanism for the cis-aminohydroxylation of alkene was not fully elucidated, because
complicated mixture of osmium complexes are formed in the reaction of OsO4 with
nitrogen containing oxidants such as chloramine-T (TsNCINa) (Scheme 2).2+?¢  In such
a case, adoption of nitrogen chelating ligands will provide us an opportunity to control

the structure and reactivity of osmium derived reactive intermediates to enhance reaction

selectivity and to explore the detailed reaction mechanism.
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Scheme 1. Proposed reaction mechanism for cis-dihydroxylation of alkene by OsOs.
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Scheme 2. Reaction of OsO4 with nitrogen containing oxidants (R =Ts, ‘Bu, and Ad).

In recent years, OsO4 has been reported to oxidize alkane with NalOj4 as a re-oxidant
under alkaline aqueous conditions, where coordination of hydroxide anion to the osmium
center is proposed to enhance the oxidation reactivity.?>?®  Such an enhancement of
0504 reactivity by the addition of a base has also been reported in the alkene cis-

dihydroxylation.?%-33

However, the structure and reactivity of the hydroxide adduct of
OsOg4 has not been explored yet. Furthermore, the overoxidation proceeded exclusively
to yield the corresponding aldehyde, carboxylic acid, and CO> (Scheme 3). Thus,
elucidation of factors controlling reactivity of OsOs and selectivity of the products is
essential to develop efficient catalysts for the practical use of OsOy4 in direct hydroxylation
of alkanes to alcohols. To this end, detail characterization of the anion adducts of OsO4

and elucidation of the reaction mechanisms are essential.
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Scheme 3. Alkane oxidation with NalO4 catalyzed by OsOs4 under alkaline aqueous

conditions.

In this study, the author conducted detailed reactivity and mechanistic studies on the
oxidation reactions with osmium complexes to provide important information for the

development of efficient catalytic oxidation systems based on osmium complexes.



This thesis entitled “Controlling Oxidation Reactivity of Osmium Complexes”
consists of four chapters.

In Chapter 1, osmium(III) complexes coordinated by a cyclohexanediamine-based
N4-tetradentate ligand (trans-N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-1,2-
cyclohexanediamine: BPMCN) are synthesized. The [Os™(OH)(H.0)(BPMCN)]**
complex catalyzes cis-dihydroxylation and cis-aminohydroxylation of styrene to yield the
corresponding diol and aminoalcohol products, respectively. The oxido-hydroxido-
osmium(V) complex [OsY(O)(OH)(BPMCN)]?>* as the active oxidants for the
cis-dihydroxylation is isolated by the reaction of the osmium(IIl) complex with H,O»
(Scheme 4). The oxidation of the osmium(IIl) with chloramine-T (TsNCINa) yields
oxido-aminato-osmium(V) complex, [OsV(O)(NHTs)(BPMCN)]** (Scheme 4). The
X-ray crystallographic analysis indicates that the -NHTs group works as a monoanionic
aminate group and the OsY—NHTSs bond has a single bond character. The synthesized
oxido-aminato-osmium(V) complex is also revealed as the active oxidant for the

cis-aminohydroxylation by the direct reaction of the complex with styrene.
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Scheme 4. Generation of osmium(V) complexes from osmium(IIl) complex.

In Chapter 2, interaction of OsO4 with a series of halide ions (X~ =1-, Br-, Cl, and
F) is examined. Stable 1 : 1 adducts, [OsO4(X)]™ (1%), are formed in the case of Br-,
Cl, and F-, whereas redox reaction takes place with I to give [OsV!'O4] and I. The
X-ray crystallographic analyses of the halide adducts indicate that the structural distortion

of the osmium center from tetrahedron to trigonal bipyramid is observed as the halide ion



goes from Br-, Cl-, and to F~. Among the adducts, 1¥ shows much higher reactivity
compared to OsOy itself in the oxidation of benzyl alcohol to benzaldehyde, even though
1F has a lower reduction potential compared to OsOs. Mechanistic details of the alcohol
oxidation reaction are evaluated by kinetic studies including Hammett analysis and

kinetic deuterium isotope effects as well as by DFT calculations (Scheme 5).
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Scheme 5. Oxidation of benzyl alcohol by osmium fluoride adduct (1F, [OsO4(F)]").

In Chapter 3, carboxylate-adducts of OsO4 (1%, [OsO4(X)]") are synthesized by the
reaction of OsO4 with carboxylate anions (X = OAc: acetate and OBz: benzoate), the
structures of which are determined by X-ray crystallographic analysis. The adduct
complexes 1X are found to show higher reactivity in the benzylic C(sp?)-H bond
oxidation compared to OsOys itself. On the basis of kinetic investigation together with
the DFT calculation, the author proposes a stepwise mechanism, where oxido group at
the axial position of the carboxylate-adducts of OsO4 works as a hydrogen atom accepter

and the oxido group at the equatorial position acts as an oxygen atom donor (Figure 1).
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Figure 1. C(sp*)-H bond oxidation by carboxylate-adduct of OsO4 ([OsO4(X)]", X =
OAc and OBz).

Finally, in Chapter 4, oxidation of cyclohexane with hydrogen peroxide (H>0O»)

catalyzed by OsO4 is examined (Scheme 6). Cyclohexane is oxidized to cyclohexyl



hydroperoxide (P) selectively, which is converted to cyclohexanol (A) by the treatment
with triphenylphosphine (PPh;). The catalytic activity of OsOys is also enhanced by the
addition of carboxylate anion. Encouraged by this result, the author develops an OsO4-

immobilized mesoporous silica (SBA-15) containing carboxylate groups on the surface.
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Scheme 6. Oxidation of cyclohexane with H>O; catalyzed by carboxylate adduct of
0s04 (X = OBz).
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Chapter 1

Isolation and Characterization of Active Oxidants for

Dihydroxylation and Aminohydroxylation of Alkenes

Catalyzed by Osmium Complexes with a Linear N4-
Tetradentate Ligand

Introduction

High valent metal-oxido (M=0) species have been proposed as key reactive
intermediates in the oxidation reactions of various substrates not only in synthetic organic

chemistry but also in metalloenzyme systems.' !

Oxidation of organic substrates
includes hydroxylation, dehydrogenation, epoxidation, and electron transfer.!> M=0
species also induce the oxidation reactions of inorganic substrates such as water (H>O) to
dioxygen (02) and sulfite (SO3*) to sulfate (SO4>) in the enzymatic systems.5!
Extensive studies have been done to characterize such M=O species by several
spectroscopic methods and crystal structure analyses. On the other hand, M=0 species
can catalyze cis-selective dihydroxylation of alkenes or arenes, halogenation of a C—H
bond, and cis-selective aminohydroxylation of alkenes, when the metal centers have an
additional oxide, hydroxide, or halide ligand X (Scheme 1-1).

Osmium tetroxide and its monodentate ligand adducts (Scheme 1-1(a), X = O,
OsVQy) are the first examples of such species, which induce cis-dihydroxylation of

alkenes.'""'*  An oxido-hydroxido-iron(V) species [FeV(O)OH] is found as the second

M: Os
X:=0 - .
» (a) cis-dihydroxylation of alkene
/ M: Fe. Os (vicinal diol)
X: —OH
° » (b) cis-dihydroxylation of alkene
i M: Mn (vicinal diol)
M—X i —F, -
X: -F, =Cl » (c) fluorination and chlorination of alkane
M: Os (fluoroalkane and chloroalkane)
X: =N'Bu

» (d) cis-aminohydroxylation of alkene
(aminoalcohol)

Scheme 1-1. Schematic classification of oxidation reactions by ligand-bound metal-

oxido species [M(O)X].



example in the reaction center of Rieske dioxygenase that catalyzes arene dihydroxylation
(Scheme 1-1(b); M = FeV). Several model complexes of the enzymatic reaction center
have been prepared and their reactivity has been explored in detail. However,
crystallographic characterization of FeY(O)OH species has yet to be performed. On the
other hand, our group has developed oxido-hydroxido-osmium(V) complexes supported
by a tripodal tetradentate ligand tris(2-pyridylmethyl)amine (TPA) and a macrocyclic
tetradentate ligand N,N’-dimethyl-2,11-diaza-[3.3](2,6)pyridinophane (L-NsMe,) as new
members of M(O)OH species (Scheme 1-1(b), M = OsV), which catalyze very efficient
cis-selective dihydroxylation of alkenes using H,O; as the terminal oxidant.!> !¢ In the
cis-dihydroxylation, the osmium complex catalysts employ an OsY/Os!! redox cycle,
where the oxido-hydroxido-osmium(V) active species is regenerated by the reaction of
the reduced hydroxido-aquo-osmium(IIl) complex with H>O,. Furthermore, our group
has succeeded to determine the crystal structures of the oxido-hydroxido-osmium(V)
complexes of TPA and L-NsMe,.!> '®  The third examples are halide bound Mn=0
complexes [Mn(O)X] that can catalyze C—H fluorination and C—H chlorination (Scheme
1-1(c)).

The forth examples of M=0O(X) species are oxido-imido-osmium(VIII) compounds,
OsO3(NR), that can insert its oxygen and nitrogen groups into C=C double bond of
alkenes in a syn manner to yield 1,2-aminoalcohols (Scheme 1-1(d)).'”>'®  No such unit
has been found in other metal complexes beside osmium. However, no crystal structure
was reported for the catalytically active species in such 1,2-aminohydroxylation of
alkenes probably due to substitution labile nature of the Os=NR bond toward hydrolysis,
going back to more stable OsOa. To prohibit such hydrolytic degradation,
OsVMO3(N’Bu) having sterically demanding zert-butyl group was synthesized from OsO4
and ‘BuNH; and its crystal structure was determined.'” However, the complex was
catalytically inactive in the aminohydroxylation reaction.

Recently, our group found that the hydroxido-aquo-osmium(Ill) complex with
L-NsMe: can be a pre-catalyst for the cis-selective aminohydroxylation of alkenes with
chloramine-T (TsNCINa) as an oxidant and a nitrogen donor (Scheme 1-2).2° However,
detailed characterization of the active species has yet to be accomplished. Here, the
author finds that a cyclohexanediamine-based tetradentate ligand, trans-N,N’-dimethyl-

N,N’-bis(2-pyridylmethyl)-1,2-cyclohexanediamine (BPMCN), can stabilize a variety



type of osmium complexes including OsV(O)(OH) complex. The author has also
succeeded to determine the first crystal structure of oxido-aminato-osmium(V) complex
as an active oxidant for alkene aminohydroxylation, which is a new member of M=0(X)

species.

R! HO NHTs
>=< > R \.> \/.,,, R
1 3
R2 R* R, Ry

Scheme 1-2. cis-Aminohydroxylation of alkene with chloramine-T (TsNCINa) in the

presence of an osmium(IIl) complex with L-N4sMe,.

Experimental Section

General. The reagents and solvents used in this study except for the ligand and the
osmium complexes were commercially available products. 'H NMR spectra were
recorded at 400 MHz on a JEOL-ECP400 or a JEOL-ECS400. FT-IR spectra were
recorded with a Jasco FT/IR-4100. Elemental analysis was carried out with a Yanaco
CHN-Corder MT-5. ESI-MS (electrospray ionization mass spectra) measurements were
performed on a BRUKER cryospray microTOFII.  The diol and aminoalcohol products
were characterized by a HPLC system of a Shimadzu LC-10AD series and an EXTREMA
series (JASCO Co.) equipped with a reverse phase column (Nacalai tesque, COSMOCIL,
5C18-AR-II). The ligand BPMCN and (NH4)2[Os!VClg] were prepared according to the

reported procedures.?!> 2

Synthesis of cis-a-[Os"'CLL,(BPMCN)|(PFs) (1). (NH4)2[Os'VCls] (100.0 mg, 230
umol) and BPMCN (70 mg, 230 umol) were added to 5 mL of ethylene glycol. The
suspension was heated at 145 °C for 15 min, during which the suspension changed to a
dark brown solution. Ammonium hexafluorophosphate (75.0 mg, 460 umol) in 0.5 mL
of water was added to the solution to yield brown precipitate, which was isolated by
filtration. The obtained brown solid was dissolved in 10 mL of acetone and was purified
on alumina column (Alumina, Activated about 75 pL: Wako) with acetone as an eluent.

The yellow band was collected and evaporated to give an orange oil, which was dissolved



in a mixed solvent of water and acetone (1 : 2). By slow evaporation of the acetone over
a few days, red crystals were obtained. Yield: 30.0 mg (18%). Anal. Calcd. for 1
(C20H28F6N4C120sP): C, 32.88; H, 3.86; N. 7.67%. Found: C, 33.03; H, 4.06; N, 7.72%.
ESI-MS: m/z = 586.13 ([M]"). UV-vis (acetonitrile): Amax = 248 nm (¢ = 8600 M~' cm™),
318 (7030). CV (acetonitrile): E12=-0.94 V vs. Fc/Fc* (100 mV/s).

Synthesis of cis-f-[Os"'CLL(BPMCN)|(PFs) (2). (NH4)2[Os!VCls] (100.0 mg, 230
umol) and BPMCN (70.0 mg, 230 umol) were added to 5 mL of ethylene glycol. The
suspension was heated at 198 °C for 3 min, during which the suspension changed to a
dark brown solution. Ammonium hexafluorophosphate (75.0 mg, 460 umol) in 0.5 mL
of water was added to the solution to give brown precipitates, which was collected by
filtration and dissolved in 10 mL of acetone. The compound was purified on an alumina
column (Alumina, Activated about 75 puL: Wako) with acetone as an eluent. The yellow
band was collected and evaporated to give an orange oil. The oily material was
dissolved in a mixed solvent comprising water and acetone (1 : 2). By slow evaporation
of acetone over a few days, red crystals precipitated out of the solution.  Yield: 18.7 mg
(11%). Anal. Calcd. for 2 (C20H28FsN4Cl,0sP): C, 32.88; H, 3.86; N. 7.67%. Found:
C,32.96;H,3.86; N, 7.69%. ESI-MS: m/z=1586.11 ([M]"). UV-vis (acetonitrile): Amax
=247 nm (¢ = 10000 M~ cm™), 320 (7590). CV (acetonitrile): £1,=-0.91 V vs. Fc/Fc*
(100 mV/s).

Synthesis of cis-a-[Os"(OTH)(BPMCN)|(OTf) (3). Complex 1 (30 mg, 70 umol) in
TfOH (0.5 mL) was heated at 115 °C under N> for 5 h. The flask was cooled to room
temperature and further cooled to ca. 5 °C in an ice bath. Diethyl ether (20 mL) was
added dropwise to the stirred solution cautiously to yield an orange microcrystalline
powder, which was collected by filtration, washed with diethyl ether, and dried in vacuo.
The single crystals were obtained by recrystallization from acetone/diethyl ether.  Yield:
10.1 mg (15%). Anal. Calcd. for 3:-0.5(CH3)2CO (Ca4.5H31F9N4O950sS3): C, 29.70; H,
3.15; N. 5.65%. Found: C, 29.67; H, 3.37; N, 5.54%. FT-IR (KBr): 1348 and 1160-
1270 ecm™ (vs-0)). ESI-MS: m/z = 814.12 ([M]*). UV-vis (acetonitrile): Amax = 224
nm (¢ = 8800 M~ cm™), 237 (8600), 276 (8460).

Synthesis of cis-a-[Os"(OH)(OHz)(BPMCN)|(PFs)2 (4). Complex 3 (50 mg, 52

umol) was dissolved in water (2.5 mL), and the solution was heated at 70 °C for 2 h.

10



After the solution was cooled to room temperature, 4 mL of CH;COOH/CH3COONa
buffer solution (pH 3.8) containing an excess amount of NH4PFs (200 mg, 1.23 mmol)
was added to the solution. The concentration of the solution under reduced pressure to
ca. 0.5 mL gave orange microcrystals. The microcrystals were collected by filtration
and dried in vacuo. Yield: 28.2 mg (64%). Anal. Calcd. for 4:0.6(CH3).CO
(C21.8H34.6F12N402,60sP2): C, 29.94; H, 3.99; N. 6.41%. Found: C, 30.02; H, 4.17; N,
6.55%. FT-IR (KBr): 3637 (vio-m) and 3407 (vionz)) em™'. ESI-MS: m/z = 550.20
(IM=H]"). UV-vis (acetate buffer pH 4.0): Amax = 239 nm (¢ = 10160 M~! cm™), 276
(6230), 310 (7600), and 379 (2000).

Synthesis of cis-a-[OsY(0)(OH)(BPMCN)](Cl10s): (5). Complex 3 (50 mg, 52 umol)
in H>O (2.0 mL) was heated at 70 °C for 2 h to generate complex 4 in situ.  The solution
was then cooled to ca. 5 °C with an ice bath, whereupon 2 equiv. of cerium(IV)
ammonium nitrate (56.9 mg, 103.8 umol) dissolved in a small amount of water was added
dropwise to the solution of 4. The color of the solution immediately changed from
yellow to purple. An excess amount of NaClO4 (61 mg, 520 umol) dissolved in a
minimum amount of water was added to the solution, and the resultant solution was kept
standing in a refrigerator overnight. Purple crystals precipitated from the solution,
which were collected by filtration and washed with cold water, and dried in vacuo.
Yield: 11.0 mg (28%). Anal. Caled. for 5 (C20H33C12N4O120s): C, 30.69; H, 3.86; N,
7.67%. Found: C,32.96; H, 4.03; N, 7.67%. FT-IR (KBr): 3568 (vio-n)), 885 (v(0s-0)),
and 677 (vos-om)) cm™!.  ESI-MS: m/z = 274.60 ((M]*").

Synthesis of cis-a-[OsY(O)(NHTs)(BPMCN)](BF4)2 (6). Complex 3 (19.7 mg, 20.5
pmol) in H>2O (1.0 mL) was heated at 70 °C for 2 h to generate complex 4 in situ.
Chloramine-T-3H>O (5.8 mg, 20.6 pumol) dissolved in H>O (0.25 mL) was added
dropwise to the solution of 4. Color of the solution immediately changed from orange
to pale green. NaBF4 (22.9 mg, 0.21 mmol) dissolved in H>O (0.25 mL) was added to
the solution, and the resultant solution kept standing in a refrigerator overnight. Powder
precipitated from the solution, which was collected by filtration and dried in vacuo.
Purification of 6 was very difficult because of instability of 6 in H,O to generate 5.

Yield: 4.2 mg (23%). FT-IR (KBr): 862 (v0s-0)) and 1230-1300 (vs=0y).

11



Procedures for Catalytic cis-1,2-Dihydroxylation and cis-1,2-Aminohydroxylation
of Styrene. Complex 3 (2.40 mg, 2.5 umol) in H>O//BuOH (1 : 1 v/v, 3.0 mL) was
heated to generate complex 4 in situ. The solution was bubbled with N> for 30 min.
Styrene (26.0 mg, 250 umol) and 30% H2O: aq. (24.9 pL, 250 umol) in 1.0 mL of
H>O/BuOH (1 : 1 v/v) were added to the solution, and resulting mixture was stirred at
50 °C for 5 h (Table 1-2, entry 1). In the case of cis-aminohydroxylation, chloramine-T
(70.4 mg, 250 umol) was used as an oxidant instead of HoO>. Amount of the catalyst
and reaction temperature were changed from 1 mol% to 10 mol% and from 50 °C to 30 °C,
respectively (Table 1-2, entry 2). After the reaction, a portion of the reaction solution
(100 pL) was taken by a microsyringe and diluted with 900 pL of acetonitrile containing
anisole (50 pmol) as an internal standard, which was used for the HPLC analysis. The
yields of products were determined by comparing the integrated peak areas of the

products with that of the internal standard using calibration lines.

X-ray Crystallography. Single crystals were mounted on a loop with a mineral oil, and
all X-ray date were collected at —165 °C on a Rigaku R-AXIS RAPID diffractometer
using filtered Mo-Ka radiation.  The structures were solved by direct method (SIR 2016)
and expanded using Fourier techniques. The single crystal of 6 was a co-crystal that
comprised of [Os(O)(NHTs)(BPMCN)]|(BFs)> and [OsCI(NHTs)(BPMCN)](BF4)2
complexes ina 7 : 3ratio. Parameters of the refinement were minimized by putting this
ratio. The non-hydrogen atoms were refined anisotropically by full-matrix least-squares
on F2. The hydrogen atoms were attached at idealized positions on carbon atoms and
were not refined. All structures in the final stage of refinement showed no movement
in the atom position. The calculations for 1-4 were performed using Single-Crystal
Structure Analysis Software version 3.8. Those for 5 and 6 were performed using Olex2

program. Crystallographic parameters are summarized in Table 1-1.
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Table 1-1.

Crystallographic data for cis-a-[Os"'Cl,(BPMCN)|PFs (1), cis-B-

[Os"'CL,(BPMCN)]PFs  (2), cis-a-[Os"(OTf)2(BPMCN)](OTf) (3-acetone), cis-a-
[Os"(OH)(OH,)(BPMCN)](PFe)> (4-2acetone), cis-a-[0s¥(O)(OH)(BPMCN)](CIO4),

(5), and cis-a-[Os"(O)(NHTs)(BPMCN)](BF4): (6).

1 2
Formula C20H28C12FsN4OsP C20H28C12FsN4OsP
Formula weight 730.53 730.53
Crystal system Orthorhombic Orthorhombic
Space group Ibca (#73) P212121 (#19)
a, A 13.6052(6) 11.5662(7)
b, A 15.9620(9) 12.9354(8)
c, A 22.1031(10) 15.9995(9)
a, deg 90.000 90.000
S, deg 90.000 90.000
y, deg 90.000 90.000
v, A3 4800.0(4) 2393.7(2)
Z 8 4
Dealed, g/om™ 2.022 2.027
F(000) 2840.00 1420.00
u(Mo-Ka), cm™ 56.67 56.82
Crystal size, mm 0.15 x 0.13 x 0.05 0.18 x 0.10 x 0.10
T,K 103 110
20max, deg 54.9 54.9
No. of reflns obsd 2750 5435
No. of params 156 309
Ryl8] 0.0507 0.0217
WR,[®] 0.1254 0.0404
GOF 1.212 1.087

[a] R = Z(|Fo| — |Fe|)/Z|FY|

[b] wR2 = [E(W(Fo? — F2)?)/Ew(F*)*]"?
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Table 1-1.  Crystallographic data for cis-a-[Os"'Cl,(BPMCN)]PFs (1), cis-f-
[Os"'CL,(BPMCN)]PFs  (2), cis-o-[Os"(OTf)2(BPMCN)](OTf) (3-acetone), cis-a-
[0s"(OH)(OH,)(BPMCN)](PFs), (4-2acetone), cis-a-[Os"(O)(OH)(BPMCN)](CIO4),

(5), and cis-a-[Os"(O)(NHTs)(BPMCN)](BF4)2 (6) (continued).

3-acetone

4-2acetone

Formula
Formula weight
Crystal system
Space group
a, A
b, A
c, A
a, deg
p, deg
> deg
v, A3
7z
Dealed, g/cm™
F(000)
u(Mo-Ka), cm™
Crystal size, mm
T,K
20max, deg
No. of reflns obsd
No. of params
Rl
wR,Ib]
GOF

C26H34F9N40100sS3

1019.95
Monoclinic
P2i/c (#14)
10.9603(7)
12.4093(8)
25.8422(16)

90.000

92.279(6)
90.000
3512.0(4)
4
1.929
2012.00
39.16
0.50 x 0.30 x 0.20
110
55.1
8056
482
0.0797
0.1958
1.059

C26H43F12N4040sP-

955.78
Monoclinic
C2/c (#15)
15.2378(6)
18.2572(8)
25.4750(11)

90
90.009(6)
90.000
7087.1(5)
8
1.792
3784.00
37.90
0.35 x0.20 x 0.20
103
54.9
8108
487
0.457
0.1084
1.092

[a] R = Z(|Fo| — |Fe|)/Z|FY|

[b] wR2 = [E(W(Fo? — F2)?)/Ew(F*)*]"?
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Table 1-1.  Crystallographic data for cis-a-[Os"'Cl,(BPMCN)]PFs (1), cis-f-
[Os"'CL,(BPMCN)]PFs  (2), cis-o-[Os"(OTf)2(BPMCN)](OTf) (3-acetone), cis-a-
[0s"(OH)(OH,)(BPMCN)](PFs), (4-2acetone), cis-a-[Os"(O)(OH)(BPMCN)](CIO4),

(5), and cis-a-[Os"(O)(NHTs)(BPMCN)](BF4)2 (6) (continued).

5 6
Formula C20H28C1bN4O100s C27H37B2Clo3FsNs0O3.70sS
Formula weight 745.57 897.33
Crystal system Monoclinic Triclinic
Space group C2/c (#15) P1 (#2)
a, A 20.222(2) 10.7487(7)
b, A 9.6151(11) 12.7285(8)
c, A 16.2829(19) 13.4861(9)
a, deg 90.000 63.166(4)
S, deg 127.025(2) 83.645(6)
y, deg 90.000 89.857(6)
v, A3 2527.6(5) 1633.95(19)
7z 4 2
Dealed, g/em? 1.959 1.824
F(000) 1464.00 885.00
u(Mo-Ka), cm™ 53.15 40.78
Crystal size, mm 0.15 x0.15x0.10 0.40 x 0.40 x 0.20
T,K 103 100
20max, deg 55.1 55.0
No. of reflns obsd 2890 7477
No. of params 186 471
Ryl8] 0.0452 0.0303
WR,[®] 0.1176 0.0813
GOF 1.191 1.164

[a] R = Z(|Fo| — |Fe|)/Z|FY|

[b] wR2 = [E(W(Fo? — F2)?)/Ew(F*)*]"?
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Results and Discussion

Preparation, Characterization, and Crystal Structures of Osmium(III) Complexes

Supported by a Cyclohexanediamine-Based Tetradentate Ligand (BPMCN)

The synthetic procedures of the osmium complexes supported by BPMCN are
outlined in Scheme 1-3. BPMCN can adopt three conformations, cis-a, cis-f, and planar,
in an octahedral metal complex. Among the three conformations, the cis-a one is the
most energetically stable, so that most of complexes with BPMCN so far been reported
take the cis-a structure.”>  In Chapter 1, the author obtained both cis-a and cis- isomers
of the dichloro-osmium(III) complexes, 1 and 2, by the treatment of (NH4)2[Os!VCls] with
BPMCN. When the reaction was carried out in ethylene glycol at 145 °C for 15 min, 1
having a cis-a structure was isolated as a PF¢ salt.  On the other hand, when the ethylene
glycol solution was refluxed for 3 min, 2 adopting a cis-f form was obtained as a PFg salt.
Since 1 and 2 were purified by column chromatography and the yields were low (1: 18%,

2: 11%), their formation mechanisms from (NH4)2[Os'VCle] are unclear.

Ny I
»
-N_ Im_-Cl
— 1 tols
145°C AN
: 15 min N
., | /
SN (NH,),[0s'VClg] 1
ethylene glycol
Z >N N | X 1+
X ! X | 7
. [ N
BPMCN &'N\A i Cl
S
198 °C NS
3 min [ 7
Cl
2
Ny I X T2+ L
| | »
TfOH &N\ n_—~OTf H,O @N\ i —OH, Ce(lV) &'N\ v —~OH
—_— . _0s_ — _0Os —_— Os~
1 115 °C /N | OTf 70 °C /N | ~OH H,O /N/ | <0
N N N
® ® 9
Y Y Y
3 4 5

Scheme 1-3. Synthetic procedures of osmium complexes 1-5.
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Figure 1-1. '"H NMR spectra of (a) complex 1 and (b) complex 2 in acetone-ds at

ambient temperature.

'"H NMR spectra of 1 and 2 were measured in acetone-ds to see whether
isomerization between the two isomers occurs. As shown in Figure 1-1, the spectra of
both 1 and 2 were kept unchanged at all after standing 5 h at ambient temperature,
indicating that no interconversion took place between them ('"H NMR spectra in a wide
range are given in Figure 1-S1).

cis-a-Dichloro-osmium(II) complex 1 was then converted into the ditriflato-
osmium(IIl) complex 3 by treating 1 with neat HOTf at 115 °C. Under the same
conditions, the ditriflate derivative of 2 was not formed. In the preparation of the
ditriflato-osmium(IIl) complex with a tetradentate TPA [tris(2-pyridylmethyl)amine]

ligand, the dichloro-derivative was spontaneously converted into the oxido-acetato-
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bridged diosmium(I1I) complex under basic conditions using CH3COONa because of the
quite strong osmium(IIl)-chloride coordination bonds under acidic conditions.'
Presence of the two tertiary amine nitrogen atoms situated at the frans positions of the
chloride ligands in 3 can enable direct replacement of the chloride ligands with triflate
anions, using the stronger trans effect of the amine nitrogen atom as compared to that of
the pyridinyl nitrogen atom of the TPA complex. Then, complex 3 was converted into
the hydroxido-aquo-osmium(IIl) complex 4 by hydrolysis in H,O at 70 °C, which was
isolated as pale yellow crystals with two PFs~ counter anions. Appearance of bands at
3637 and 3407 cm™! in the IR spectrum of 4 is consistent with the presence of hydroxide

and aqua ligands.
Crystal Structure Description

The crystal structures of complexes 1 and 2 are shown in Figure 1-2(a) and Figure
1-2(b), respectively. Both osmium atoms are coordinated by the four nitrogen atoms of
the ligand and two chlorine atoms to adopt distorted octahedrons. The octahedral
structure of 2 is more distorted when compare with that of 1 in that the bond angles of
N(2)-0Os(1)-N(4) of 2 [166.04(18)°] is significantly smaller than that of 1 [174.8(3)°].
With respect to the orientation of the two N-methyl groups of BPMCN, the methyl groups

Figure 1-2. ORTEP drawings of (a) complex 1 and (b) 2 showing 50% probability
thermal ellipsoids. = Hydrogen atoms and counter anion are omitted for clarity.
Selected bond lengths (A) and angles (°): (a) Os(1)-CI(1), 2.366(2); Os(1)-N(1),
2.082(7); Os(1)-N(2), 2.137(6); N(1)-Os(1)-N(1%*), 174.8(3). (b) Os(1)-CI(1),
2.3493(14); Os(1)-Cl(2), 2.3840(15); Os(1)-N(1), 2.070(5); Os(1)-N(2), 2.132(5);
Os(1)-N(3), 2.116(4); Os(1)-N(4), 2.066(5); N(2)—Os(1)-N(4), 166.04(18).
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of 1 take the trans-configuration with respect to the equatorial plane consisting with the
tertiary amine nitrogen atoms N(2) and N(2*) and two chlorine atoms CI(1) and CI(1*),
while those of 2 are situated at the cis position with respect to the plane consisting with
the two amine nitrogen atoms N(2) and N(3), pyridine nitrogen N(4), and one chlorine
atom CI(1). Incomplex 2, the two amine nitrogen atoms N(2) and N(3) are inequivalent
in that the one nitrogen N(1) is located trans at the chlorine atom CI(2), while another
nitrogen N(4) is trans to the nitrogen N(2). The structural stability of the isomers, as
confirmed in the '"H NMR spectra of 1 and 2 (Figure 1-1), is ascribed to the fact that the
anti-orientation favors the cis-o form while the syn-configuration favors the cis-f
structure. If isomerization between the two isomers occurred, one Npy and one Namine
atoms should be dissociated from the osmium(III) center to rotate the attached N-methyl
group.

The crystal structure of cis-a-ditriflato-osmium(IIl) complex 3 is shown in Figure
1-3(a). The overall structure is similar to that of 1 except that two chloride ligands in 1
are replaced with two triflate ligands in 3.  In this case as well, the two N-methyl groups
[N(2) and N(3)] of BPMCN have anti-configuration with respect to the equatorial plane.

The crystal structure of cis-a-hydroxido-aquo-osmium(IIl) complex 4 is shown in

Figure 1-3. ORTEP drawings of (a) complex 3 and (b) 4 showing 50% probability
thermal ellipsoids. = Hydrogen atoms and counter anion are omitted for clarity.
Selected bond lengths (A) and angles (°): (a) Os(1)-O(1), 2.107(6); Os(1)-0(4), 2.111(5);
Os(1)-N(1), 2.070(6); Os(1)-N(2), 2.079(7); Os(1)-N(3), 2.077(6); Os(1)-N(4),
2.075(7); N(1)-Os(1)-N(4), 179.3(2). (b) Os(1)-0O(1), 2.035(5); Os(1)-0O(2), 2.054(5);
Os(1)-N(1), 2.072(6); Os(1)-N(2), 2.121(6); Os(1)-N(3), 2.102(6); Os(1)-N(4),
2.075(6); N(1)—Os(1)-N(4), 177.7(2).
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Figure 1-3(b). The overall structure of 4 is close to those of 1 and 3, but having two
oxygen atoms O(1) and O(2) instead of two chlorine atoms in 1 and two triflate anions in
3. As found in the crystal structures of 1 and 3, the two methyl groups of 4 are trans to
each other. Although both oxygen atoms O(1) and O(2) are located trans to the tertiary
amine nitrogen atoms, the bond lengths between the Os(1) and oxygen atoms are different.
Thus, the O(1) atom giving a shorter Os—O distance of 2.035(5) A is assigned to a
hydroxide ligand oxygen, whereas O(2) atom showing a longer Os—O distance of

2.054(5) A is assigned to the aqua ligand oxygen.

Catalytic cis-Dihydroxylation and cis-Aminohydroxylation of Styrene and

Characterization of the Active Oxidants

Catalytic activity of cis-a-hydroxido-aquo-osmium(IIl) complex 4 was examined in
the dihydroxylation and aminohydroxylation of styrene. The results are summarized in
Table 1-2. Styrene was converted into the corresponding diol and aminoalcohol in
moderate yields by the reactions with H>O> and chloramine-T, respectively, in the
presence of a catalytic amount of 4. The diol product was also obtained as a by-product
in the aminohydroxylation with chloramine-T. Such diol formation was also found in
our previous aminohydroxylation reaction of alkenes with chloramine-T in aqueous
media catalyzed by the osmium(IIl) complex with a macrocyclic tetradentate ligand L-
NsMe,.2*  The product characterization in entry 2 also revealed that 170 umol of styrene

(68%) remained and 158 mmol of chloramine-T (63%) was converted to para-

Table 1-2. cis-Dihydroxylation and cis-aminohydroxylation reactions of styrene
catalyzed by Os"(OH)(H20) complex 4.[2]

Entry Oxidant Product yield, %[°!
OH
1(c] H,0, ©/k/OH 47
OH OH

2l Chloramine-T ©/K/NHTS 4 ©/K/OH 18

[a] Conditions: [styrene] = 62.5 mM, [H202] = 62.5 mM of [chloramine-T] = 62.5
mM in HO/BuOH (v:v=1:1,4.0 mL) under N,. [b] HPLC yield based on the
substrate. [c] [4]=0.63 mM, 50 °C. [d] [4] =6.25 mM, 30 °C.
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toluenesulfoneamide (TsNHz). Thus, the reaction was terminated by consumption of
chloramine-T. The product yield of the aminoalcohol was not changed by prolonging
the reaction time (from 5 to 10 h) and increasing the reaction temperature (from 30 to
50°C). The catalytic efficiency of 4 for cis-aminohydroxylation was significantly lower
than those of the L-NsMe; derivative and OsOys for the reaction.!” 1820

Our group has already reported that oxido-hydroxido-osmium(V) complexes
coordinated with tetradentate ligands work as the active oxidant for cis-dihydroxylation
of alkenes.!> '® The active oxidants can be generated electrochemically from the
hydroxido-aquo-osmium(IIl) complexes and also by the oxidation with H>O, or
cerium(IV) ammonium nitrate (CAN). In this study, the oxido-hydroxido-osmium(V)
complex, cis-a-[OsY(O)(OH)(BPMCN)](Cl0s): (5), was obtained as pale blue crystals
by oxidizing 4 with CAN (see Experimental Section). The crystal structure of 5 is
shown in Figure 1-4. BPMCN coordinates to Os center in a manner similar to those in
1, 3, and 4 to adopt a cis-a structure. The Os atom is on a two-fold axis of the cationic
part. The bond length of Os(1)-O(1) of 1.769(5) A, that is an average of Os=0 and
Os—OH bond lengths, is shorter than the average of Os—OH and Os—OH> bond lengths of
hydroxido-aquo-osmium(III) complex 4 [2.040(4) and 2.071(4) A], reflecting the higher
oxidation number of the osmium center of 5 as compared with that in 4. Due to the
repulsion between the two short Os(1)-O(1) and Os(1)-O(1*) bonds, the angle of
O(1)-0Os(1)-O(1%*) becomes more obtuse as 114.9(2)°. By comparing the dimension of

Figure 1-4. ORTEP drawing of complex 5 showing 50% probability thermal ellipsoids.
Hydrogen atoms and counter anion are omitted for clarity. Selected bond lengths (A)
and angles (°): Os(1)-O(1), 1.769(5); Os(1)-N(1), 2.100(5); Os(1)-N(2), 2.208(6);
O(1)-0s(1)-0O(1%*), 114.9(2); N(1)—Os(1)-N(1*), 177.79(16).

21



the O(1)-Os(1)-O(1*) core of 5 with those of the oxido-hydroxido-osmium(V)
analogues coordinated with tripodal TPA and macrocyclic L-NsMe; ligands,'> ¢ it is
revealed that the Os—O(1) bond length of 5 is longer than the osmium(V)-oxo bond
lengths in the analogues [1.726(8) A for TPA, 1.753(5) A for L-N4Me:] but shorter than
osmium(V)-hydroxido bond lengths in the two complexes [1.902(7) A for TPA and
1.921(4) A for L-N4Mez]. The Os(1)-O(1) bond length is also longer than that of seven
coordinate [OsY(O)Cl(4-picoline)-(2,2":6',2":6",2""-quaterpyridine)](PFs)> [1.7375(32)
A1

Next, the author tried to identify an active oxidant in the styrene aminohydroxylation.
Figure 1-5(a) shows UV-vis spectral changes of the hydoxido-aquo-osmium(I1I) complex
4 by adding 1 equiv. of chloramine-T in H>O. The spectral changes consisted of two
phases. In the first phase, the spectrum of complex 4 (blue line) immediately changed
to the one having an absorption band at 310 nm (black line). Then, the black lined
spectrum gradually changed to a new one having an absorption band at 260 nm (red line)
with isosbestic points at 227, 249, and 272 nm. The final spectrum (red line) was fairly
similar to that of 5, indicating formation of an osmium(V) complex 6. As shown in
Figure 1-5(b), an ESI-MS (electro-spray-ionization mass spectrum) of the final solution
exhibited a peak cluster at m/z =351.15, the isotope distribution pattern of which matched
well with that of [Os(O)(NHTs)(BPMCN)]?* or [Os(OH)(NTs)(BPMCN)]** (ESI-MS in

a wide range is given in Figure 1-S2). Formation of such osmium(V) species was also
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Figure 1-5. (a) UV-vis spectral changes measured every 450 s upon an addition of 1
equiv. of chloramine-T to [Os"(OH)(H20)(BPMCN)]?** (4) in H,O (blue — black — red).

(b) ESI-mass spectrum of the final reaction mixture of 4 and chloramine-T.
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observed in the oxidation of hydoxido-aquo-osmium(IIl) complex having L-N4sMe; with
chloramine-T.'¢  Other peak cluster was observed at m/z = 275.14, which corresponded
to a mixture of [OsY(O)(OH)(BPMCN)]** and [Os'V(O)(H,0)(BPMCN)]?>* (Figure 1-S2).
These species might be generated by hydrolysis of 6. Complex 6 was successfully
isolated as a red powder in H>O after a counter anion exchange of PFs~ with BF4~ though
the powder contained the oxido-hydroxido-osmium(V) complex 5. Figure 1-6 shows an
IR spectrum of 6 (red line) together with that of cis-a-[Os"(O)(OH)(BPMCN)](C1O4),
(5) (black line). The spectrum of 6 exhibited a peak at 862 cm™!, which is shifted to
lower energy direction when compared with that of complex 5 (885 cm™) by 23 cm™.
The peak at 885 cm™' of complex 5 was confirmed to be an OsV=0 stretching vibration
by isotope labeling experiments using H>'%0 (see Figure 1-S3). From these results, the
author assigned the peak at 862 cm™' of complex 6 as OsV=O0 stretching vibration. If so,
the structure of 6 can be drawn as [OsY(O)(NHTs)(BPMCN)J** {oxido-aminato-
osmium(V)} rather than [OsY(OH)(NTs)(BPMCN)]** {hydroxido-imido-osmium(V)}.
The lower energy shift of the v(OsY=0) stretch of 6 (862 cm™) as compared to that of 5
(885 cm™) may be due to the larger degree of delocalization of the lone pair electrons
from the amido group (OsY—NHTS) to the anti-bonding orbital of the OsY=0 bond in 6 as
compared to that from the hydroxido group (OsY—OH) to the oxido group (OsV=0) in 5,
making the double bond character in 6 slightly weaker than that in 5. The IR spectrum
of 6 also had peaks in a range from 1230 to 1300 cm™', that can be assigned to the
stretching vibrations of —SO»— group of the tosyl moiety.

1230-1300
v(S=0)

I I I 1
1400 1200 1000 800
Wavenumber, cm™!

Figure 1-6. FT-IR spectra of [OsY(O)(OH)(BPMCN)](ClO4)2 (5, black line) and
[OsY(O)(NHTs)(BPMCN)](BF4): (6, red line).
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As noted above, complex 6 is easily converted to cis-a-OsY(O)(OH) complex 5 in
H>0O. Nonetheless, the author succeeded to isolate single crystals of complex 6 as a BF4~
salt, and determined its crystal structure by X-ray crystallography, where the crystals were
analyzed as a co-crystal of  [OsY(O)(NHTs)(BPMCN)](BF4)2 and
[OsCI(NHTs)(BPMCN)](BF4)2 complexes in a 7 : 3 ratio. The chloride ligand in the
minor component is derived from chloramine-T (TsNCINa). The crystal structure of 6
is shown in Figure 1-7. The Os(1) atom is coordinated with the four nitrogen atoms
N(1), N(2), N(3), and N(4) of BPMCN, and the remaining two coordination sites are
occupied by oxygen atom O(1) of the oxido group and nitrogen atom N(5) of the -NHTs
group. The aromatic ring of the tosyl group and a pyridine ring of the tetradentate ligand
overlapped each other with a distance of 3.5 A, indicating the existence of a z-7 stacking
interaction. Such a 7-7 stacking interaction may stabilize the core structure making it
possible to crystallize 6. The Os(1)-O(1) bond length of 1.784(4) A is comparable to
the bond lengths of OsY=0 in our previously reported oxido-hydroxido-osmium(V)
complexes supported by other tetradentate ligands L-N4sMe> and TPA [1.753(5) A and
1.726(8) A], which supports assignment of the O(1) atom as a dianionic oxide ligand.'>
16 Dimension around the Os—NTs moiety is also compared to those of the related
Os=NR and Os—NR; complexes so far been reported (Table 1-3).

Figure 1-7. ORTEP drawing of complex 6 showing 50% probability thermal ellipsoids.
Hydrogen atoms, counter anions, and chloride ion of a minor component,
[OsCI(NHTs)(BPMCN)](PFg),, are omitted for clarity. Selected bond lengths (A) and
angles (°): Os(1)-O(1), 1.784(4); Os(1)-N(1), 2.095(5); Os(1)-N(2), 2.127(3);
Os(1)-N(3), 2.110(3); Os(1)-N(4), 2.082(5); Os(1)-N(5), 2.058(5); O(1)-Os(1)-N(5),
99.1(1); Os(1)-N(5)-S, 128.8(2).
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Table 1-3. Selected bond length [A] and angles [°] of complexes 6, A, B, and C.

Os-NR,, A Os=NR, A Os-N-S,°  Ref.

[OsV(O)(NHTs)(BPMCN)J* (6)  2.058(4) 128002  [d]
[0sV/(O)(N'Bu)(TTP) 2 (A)&] 1.759(9) 25
[Os"(tmen—H),(tmen)]** (B)!"] 2.146(6) 1.880(6) 26
[Os'(TsDPEN)(biphenyl)] (C)¢!  2.066(4) 1281(3) 27

[a] TTP: meso-tetrakis(p-tolyl)porphyrin. [b] tmen: 1,1,2,2-tetramethylethylenediamine. [c] TSDPEN:
N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine. [d] This work.

The Os(1)-N(5) bond length of 2.058(4) A in 6 is longer than the bond length of Os=NR
double bonds in [OsY(O)(N'Bu)(TTP)]*" (A) {OsV'=NR; 1.759(9) A} having a porphyrin
ring {TTP: meso-tetrakis(p-tolyl)porphyrin}? and [Os"(tmen-H),(tmen)]** (B)
{Os'V=NR; 1.880(6) A} chelated by 1,1,2,2-tetramethylethylenediamine (tmen) and its
deprotonated (amide) form (tmen—H).2®  On the other hand, this bond length is close to
those of Os—NR; single bonds in complex B {2.146(6) A} and [Os"(TsDPEN)(biphenyl)]
(C) {TsDPEN; N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine} {2.066(4) A}.”’
The Os(1)-N(5)-S angle of 128.0(2)° in 6 is also comparable to the Os—N-S angle in
complex C containing an anionic —NHTs group. = The O(1)-Os(1)-N(5) angle
{98.6(2)°} 1s more obtuse than the O(1)-Os(1)-O(2) angle {91.4(2)°} of the
Os'"'(OH)(H20) complex 4, due to the stronger electronic repulsion of the Os—NTs single
bond and the Os=0O double bond as compared to the repulsion between the Os—OH single
bond and the Os—OH; single bond in4.  On the other hand, this bond angle is more acute
when compared with the O(1)-0s(1)-O(1*) angle (114.9°) of the Os"(O)(OH) complex
5, which reflects decrease of the steric repulsion between the N(5) and O(1) atoms by the
elongated Os(1)-N(5) bond length {2.058(4) A} in 6 as compared to the Os(1)-O(1%*)
bond length {1.769(5) A} in 5.

An acetonitrile solution dissolving the isolated powder that contains 5 and 6 was
treated with an excess amount of styrene to see whether 6 works as an active oxidant for
the 1,2-aminohydroxylation of alkenes. HPLC analysis of the reaction solution revealed
formation of the corresponding aminoalcohol and diol products (see Figure 1-S4). The
UV-vis spectrum of the reaction solution was nearly identical to that of Os"'((OH)(H20)

complex 4. These results demonstrate that complex 6 is an active oxidant for the 1,2-
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aminohydroxylation of styrene. =~ The diol product was derived from the oxido-
hydroxido-osmium(V) complex 5 contained in the solution.  Our group has reported that
oxido-hydroxido-osmium(V) complexes with tetradentate ligands work as an active
oxidant for the 1,2-dihydroxylation of alkenes, where a five-membered glycolate
osmium(I1I) intermediate is formed by the reaction of the active oxidant and alkenes.'>- 16
Our group also reported that a five-membered Os(NHTs—C—C-O) species was involved
in a catalytic cycle of cis-aminohydroxylation of alkenes by Os'"'(OH)(H.0) complex
with L-N4sMe>. Though direct evidence for formation of such five-membered species
was not obtained, in a similar manner to the dihydroxylation and aminohydroxylation

reactions,'> !¢ the present aminohydroxylation may proceed via formation of a five-

membered [3+2]-cycloadduct as shown in Scheme 1-4.

X
NaCl |
V/
Chloramine-T ‘N_ | y_~NHTs
&I\I/OSQO
-~ |
N
| N
6 Y
B |
, §
v [N Ph
Q—N\ |y _-OH
N/OS\
- | OH,
| N
4 Y
| X
. N7 T? H
/
HO  NHTs ‘N lm_N
I e
PH <L 9 en
2 H50 Q
| V.

Scheme 1-4. Catalytic cycle of 1,2-aminohydroxylation reaction.
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Conclusions

cis-o-Hydroxido-aquo-osmium(IIl)  complex 4  coordinated with a
cyclohexanediamine-based tetradentate ligand, BPMCN, was synthesized and
characterized. In the synthesis of the complex, cis-a-dichlorido- (1) and cis-a-ditriflato-
osmium(IIl) complexes (3) were synthesized as the precursors. The cis-f isomer of 1
was also prepared as 2. The cis-a-hydroxido-aquo-osmium(IIl) complex (4) worked as
a pre-catalyst for the cis-selective dihydroxylation and aminohydroxylation of styrene
with H>O» and TsNCINa, respectively. As an active oxidant for the dihydroxylation, cis-
a-oxido-hydroxido-osmium(V) complex (5) was isolated and crystallographically
characterized. Further, a product obtained by a reaction of complex 4 with TsNCINa
was identified as a cis-a-oxido-aminato-osmium(V) complex (6) by ESI-mass, FT-IR,
and UV-vis spectra as well as X-ray crystallographic technique. The structural analysis
also indicated that the OsY—NHTSs bond has a single bond character. Formation of the
aminoalcohol by the reaction of cis-a-oxido-aminato-osmium(V) complex with styrene
revealed that the osmium(V) complex was the active oxidant for the aminohydroxylation.
The generated oxido-aminato-osmium(V) complex 6 binds to styrene in a [3+2]
cycloaddition manner similar to the dihydroxylation. Subsequent hydrolysis of the five
membered intermediate produces the starting osmium(III) complex and the aminoalcohol
product. The present study adds a new metal-oxide complex that have an additional

functional group, OsO(NHTs), for alkene aminohydroxylation reaction.
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Supporting Information for Chapter 1
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Figure 1-S1. 'H NMR spectra of (a) 1 and (b) 2 in a range from —10 to 25 ppm.
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Figure 1-S2. ESI-mass spectrum of a reaction solution of 4 and chloramine-T in H2O.
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Figure 1-S4. HPLC chart after the reaction of complex 6 with styrene.
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Figure 1-S5. FT-IR and ESI-mass spectra of (a) 1, (b) 2, (¢) 3, (d) 4, and (e) 5.

31



(d) 550.20

3637
v(O-H)
r T T T T I : . .'.‘.,..Ii. l 'I""II"lll
4000 3500 3000 2500 2000 1500 1000 500 540 550 560
Wavenumber, cm™ mlz
(e)
274.60
3568
V(O-H)
T T T T T T T 1 T |‘-Ll- T |L- -‘f‘L-U|1
4000 3500 3000 2500 2000 1500 1000 500 270 275 280
Wavenumber, cm™ mlz

Figure 1-SS. FT-IR and ESI-mass spectra of (a) 1, (b) 2, (¢) 3, (d) 4, and (e) 5
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Chapter 2
Alcohol-Oxidation by Halide-Adduct of OsQO4

Introduction

Osmium tetroxide (OsOs) has long been known to catalyze the cis-dihydroxylation
of alkenes, where addition of an amine or pyridine to the osmium center is demonstrated
to enhance the reactivity of OsOs (Scheme 2-1(a)).""!7” Mayer and co-workers also
demonstrated that OsO4 can oxidize simple alkanes including methane under aqueous
alkaline conditions to give the corresponding alcohols together with the over-oxidation

18,19 In this case as well, coordination of

products such as the carboxylic acids and CO».
an external ligand such as OH™ to the osmium center was proposed to enhance the
oxidation reactivity (Scheme 2-1(b)). The osmium-hydroxide adduct has been also
shown to oxidize H, molecule to generate [OsV(0)2(OH)4]>~ (Scheme 2-1(c)).2% 2!
However, structural characterization of the hydroxide-adduct has yet to be accomplished.

Beside OsO4, metal oxides (M,O,) of iron, manganese, and chromium have been

22-32

employed in the oxidation of various organic substrates. For instance, CrOs is used

in alcohol-oxidation, known as Jones oxidation, which is insoluble in common organic

33,34 In this case, addition of coordinative

solvents due to its polymeric chain structure.
chloride anion to CrOs3 giving chlorochromate ([CrO3(Cl)]") enhances the reactivity in the
alcohol oxidation (PCC oxidation) by improving the solubility of CrO3.3%3¢ Thus, it is
highly desired to investigate the effects of external ligands on the structure,
physicochemical properties, and reactivity of the metal oxides to develop more efficient

oxidation reagents.

alkene
(a) cis-dihydroxylation
_ alkane i
0] o 1» (b) C—H hydroxylation
Cl)l Vil L o§cl)| VIIIO /
S= > sS=
7 NC  L=ami 0® . H
o \O L S)r,rrl:gﬁ]se | 2 (c) H, oxidative addition
OH-_, (-OH)22_ - alcohol
halide ions (d) alcohol oxidation

Scheme 2-1. Oxidation reaction with ligand-bound OsOs species ([OsO4(L)]") (n =0,
1, 2).
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In Chapter 2, the author examined the reactions of OsO4 and the series of halide ions
(X~ =T, Br, CI', and F) and investigated the structure and physicochemical properties
of the generated halide-adducts, [OsO4(X)]” (1%, X =Br-, Cl,and F"). Oxidation ability

of 1X is also explored in detail in the alcohol-oxidation reaction (Scheme 2-1(d)).
Experimental Section

General. The reagents and the solvents used in this study were commercial products of
the highest available purity and further purified by the standard methods, if necessary.’’
"H NMR spectra were recorded on a JEOL ECP400 or a JEOL ECS400 spectrometer.
FT-IR spectra were recorded with a Jasco FT/IR-4100 spectrometer. Elemental analysis
was carried out with a Yanaco CHN-Corder MT-5. UV-vis spectra were recorded on a
Hewlett Packard 8453 photo diode array spectrometer or a Jasco V-650 spectrometer.
Electrochemical measurements were performed with a Hokuto Denko HZ-7000. A set
of carbon working electrode, an Ag/Ag" reference electrode, and a platinum counter
electrode was employed in these experiments. After the CV measurements, ferrocene
was added to the sample solution as an internal standard and the redox potential of Fc/Fc*
was setas 0.0 V. A0.1 M acetonitrile stock solution of OsO4 was prepared by dissolving
1.0 g of OsO4 (3.93 mmol) in 39.3 mL of acetonitrile and stored in a bottle with a screw
cap. The reaction mixture after benzyl alcohol oxidation was analyzed with a HPLC
system of an EXTREMA series (JASCO Co.) equipped with a reverse-phase column
(column: Nacalai Co. COSMOSIL 5C18-AR-II, eluent: CH3;CN : H.O = 4 : 6).
Deuterated benzyl alcohol (PhCD>OH) was synthesized by a reported method.*®

Synthesis of [Ph4P][OsO4(Br)] (18"). PhsPBr (83.8 mg, 0.20 mmol) was dissolved in
a 2.0 mL of an acetonitrile stock solution containing 0.1 M OsO4 (0.20 mmol), and the
resultant solution was stirred for 15 min, during which color of the solution became violet.
Diethyl ether was added to the resultant violet solution to give a violet powder, which
was collected by filtration and dried in air. ~ Yield: 83.6 mg (0.12 mmol, 62%). Single
crystals suitable for X-ray crystallographic analysis were obtained by slow diffusion of
diethyl ether into a dichloromethane solution containing the titled complex. UV-vis
(acetonitrile): Amax =430 nm (¢ =960 M~' cm™).  FT-IR (KBr): 933 (v(0s=0)asym) and 946
cm! (vos=0)sym). Elemental analysis data do not match well with the calculated values

due to gradual sublimination of OsOs from the solid sample of 18",
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Synthesis of [PhsP][0sO4(Cl)] (1¢Y). This compound was prepared according to a
similar procedure described above for the synthesis of 18" by using PhsPCI (75.0 mg, 0.20
mmol) instead of Ph4PBr. The generated orange powder was collected by filtration and
dried in air. Yield: 88.0 mg (0.14 mmol, 71%). Single crystals suitable for X-ray
crystallographic analysis were obtained by slow diffusion of diethyl ether into a
dichloromethane solution containing the titled complex. Anal. Calcd. for 1¢-0.2Et,O
(C248H22C10420sP): C, 46.26; H, 3.44%. Found: C, 46.40; H, 3.44%. UV-vis
(acetonitrile): Amax = 385 nm (¢ =700 M~' cm™).  FT-IR (KBr): 882 (v(0s=0asym) and 909

cm™! (V(Os=O)sym) .

Synthesis of [PhsP][0sO4(F)] (1F). [BwN][OsO4(F)] was generated in situ by the
reaction of OsOy stock solution (4.0 mL, 0.40 mmol) with 1.0 M THF solution of BusNF
(0.40 mL, 0.40 mmol). Ph4PBr (167.6 mg, 0.40 mmol) was then added to the resulting
solution to give yellow powder, which was collected by filtration and dried in air. ~ Yield:
192.2 mg (0.31 mmol, 78%). Anal. Calcd. for 1¥ (C24H20FPO40s): C, 47.05; H, 3.29%.
Found: C, 47.03; H, 3.22%. UV-vis (acetonitrile): Amax = 320 nm (¢ = 3300 M~! cm™),
385 (680). FT-IR (KBr): 878 (V(0s=0yasym) and 900 cm™ (v(os=0)sym).

Synthesis of [PhsP][OsY''O4]. This compound was prepared according to the
procedure described for the synthesis of [PhsAs][OsV"04].3° 0sO4 (1.0 g, 3.93 mmol)
was dissolved in 10 mL of CH2Cl; at 0 °C, to which a CH2Cl: solution (15 mL) of Ph4PI
(2.75 g, 5.90 mmol) was added. The color of the solution changed to blue at first and
then gradually to greenish brown. Deep green powder was precipitated by the addition
of 10 mL of CCls, which was collected by filtration and washed with CH>Cl, and dried
in vacuo. Yield; 1.43 g (2.41 mmol, 61%). Anal. Calcd. for [PhsP][OsV!O4]
(C24H20P0O40s): C, 48.56; H, 3.40%. Found: C, 48.29; H, 3.34%. UV-vis
(acetonitrile): Amax = 298 nm (¢ = 1600 M~! cm™), 478 (44), 575 (40), 663 (32), 694 (35).
FT-IR (KBr): 838 (v(0s=0jasym) and 855 cm™ (v(0s=0)sym).

Determination of Formation Constant (K¢X) of 1X. The titration of OsO4 by BusN*X"~
(X =Br, CI, and F) was carried out in acetonitrile at 30 °C using a 1.0 cm path length
UV-vis cell closed with a septum cap. Concentrations of the reagents are described in
the figure captions of Figure 2-1, 2-S1, and 2-S2.  For 1¥, a commercially available 1.0
M THF solution of BusNF was used. The formation constants (K¢*) of 1! and 18" were
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calculated from a double-reciprocal plot of Adbs™! against [BusNX]™' following the
Benesi-Hildebrand equation (eq. 1).4% 4!  The K{ value of 1F was too large to be
determined accurately.

1 1 1
= +
AA [Os]t Ae KX [BugNX] [Os]t Ae

— (@)

Product Analysis of the Oxidation of Benzyl Alcohol by 1¥. The concentration of 1F
was adjusted to 0.80 mM by adding 0.80 mM of BusNF to 1.0 mM of OsO4 in CH3CN.
Then, benzyl alcohol (1.0 mM) was added to the solution at —40 °C under N> atmosphere.
After the reaction, anisole was added into the resulting solution as an internal standard.
The reaction mixture was analyzed by HPLC to determine the products, and their yields
are calculated by comparing the peak area of the products to those of the authentic

samples using calibration curves.

Kinetic Studies on the Benzyl Alcohol Oxidation by 1¥.  All the reactions of 1¥ (1.0
mM) with benzyl alcohol derivatives (25-300 mM) were carried out in a 1.0 cm path
length UV-vis cell closed with a septum cap. After addition of BusNF (1.0 mM) into an
acetonitrile solution of OsO4 (1.0 mM), reactions were started by adding benzyl alcohol
into the solution through a septum cap with using a microsyringe at —40 °C under N>
atmosphere. The reactions were followed by monitoring increase of the absorption band

around 700 nm due to an Os¥! species.

X-ray Crystallographic Analysis. The single crystal was mounted on a loop with a
mineral oil, and all X-ray data were collected at —170 °C on a Rigaku R-AXIS RAPID
diffractometer using filtered Mo-Ka radiation. The structures were solved by direct
method (SIR 2011) and expanded using Fourier techniques. The non-hydrogen atoms
were refined anisotropically by full-matrix least-squares on F2. The hydrogen atoms
were attached at idealized positions on carbon atoms and were not refined. All of the
crystallographic calculations were performed using the Crystal Structure software
package of Molecular Structure Corp. [Crystal Structure, Crystal Structure Analysis
Package, version 3.8.1, Molecular Structure Corp. and Rigaku Corp. (2005)].

Crystallographic parameters are summarized in Table 2-1.

Computational Details. The density-functional-theory (DFT) calculations were
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performed with the Gaussian 16 program package (Rev. C01).%

All geometry
optimizations were carried out with the B3LYP functional.#43 The SDD
(Stuttgart/Dresden pseudopotentials) basis set*%47 for Os and the 6-311G** basis set*® for
the other atoms were employed. After geometry optimizations, vibrational analyses

were calculated for all reaction species to confirm stable and transition structures.
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Crystallographic data for [Ph4P][OsO4(Br)] (187) and [Ph4P][OsO4(CI)] (1¢").

Table 2-1.
lBr 1Cl
Formula C24H20BrO40sP C24H20C1040sP
Formula weight 673.50 629.02
Crystal system Orthorhombic Tetragonal
Space group Pbca (#61) P4 (#81)
a, A 14.0185(9) 24.3328(19)
b, A 17.5451(11) 24.3328(19)
c, A 18.4734(11) 7.4845(3)
a, deg 90.000 90.000
S, deg 90.000 90.000
y, deg 90.000 90.000
v, A3 4543.6(5) 4431.5(7)
7z 8 8
Dealed, g/om™ 1.969 1.886
F(000) 2576.00 2432.00
u(Mo-Ka), cm™ 74.72 59.77
Crystal size, mm 0.30 x 0.10 x 0.10 0.20 x 0.10 x 0.10
T,K 103 115
20max, deg 54.9 55.0
No. of reflns obsd 5178 10075
No. of params 300 559
Ryl8] 0.0221 0.0357
WR,[®] 0.0734 0.0843
GOF 0.914 1.047

[a] R1 = Z(|Fo| — [Fe[)/Z|F|

[b] wR2 = [E(W(F? — F2)?)/Ew(F*)*]"?
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Results and Discussion
Reaction of OsQ4 with Halide Ions.

The reactions of OsO4 with the series of halide ions, I, Br-, CI-, and F~, were first
examined. In Figure 2-1(a) is shown the UV-vis spectral changes observed upon
addition of BusNF to an acetonitrile solution of OsO4 (0.5 mM) at 30 °C, where an intense
absorption band at 320 nm and a shoulder band at 385 nm gradually appeared. The
spectral change completed when a stoichiometric amount of BusNF (0.5 mM) was added
(Figure 2-1(a), inset), indicating that OsO4 reacted with F~ in a 1 : 1 ratio to form
[BusN][OsO4(F)] (1F). The formation constant K was too large to be determined

accurately by the titration experiment. On the other hand, addition of BusNCI to an

0 100 200 300
[BuyNCI], mM

00 0:25 0t5 0.I75 1?0
[Bu,NF], mM

(a) 20 ” (b) 20
£ c o8}
320 UC) 03 ! ch) 06
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= | 3 5 04}
é’ 01 : % § 02}
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[BuyNCI™!, M~
Figure 2-1. (a) UV-vis spectral changes observed in the titration of OsO4 (0.5 mM) by
BusNF in acetonitrile at 30 °C. Inset: Plot of A4bs at 385 nm against [BusNF]. (b) UV-
vis spectral changes observed in the titration of OsO4 (1.0 mM) by BusNCl in acetonitrile
at 30 °C. Inset: Plot of Adbs at 385 nm against [BusNCI]. (c) Plot of Adbs™! against
[BusNCI] .
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acetonitrile solution of OsO4 (1.0 mM) gave a saturation curve (Figure 2-1(b), inset),
which can be analyzed by the Benesi-Hildebrand equation (1) (see Experimental
Section).*>> 4! Thus, the double reciprocal plot of Adbs~' against [BusNCI]™! gave a
linear line as shown in Figure 2-1(c), from which the formation constant Ki! of 1¢! was
calculated to be 8.5 M. The formation constant Ki* for 18" was also determined as
0.69 M! by a similar manner (Figure 2-S1). The spectral changes for the reaction of
0s04 with BugNI at 30 °C is shown in Figure 2-S2(a). The intense absorption band at
361 nm is assignable to I3~ and the characteristic absorption bands above 550 nm are
similar to those of the authentic sample of [OsY"O4]~ shown in Figure 2-S3.>° These
spectral data clearly indicated that electron transfer took place from I™ to OsO4 to produce
I+ and [Os"V""O4]", the former of which underwent radical coupling to yield I that is further
converted to I3~ by the reaction with I~ existing in the solution. In fact, a transient
spectrum exhibiting an absorption band at 560 nm probably due to a [OsOa4(I)]” species
(1Y) was observed when the reaction was carried out at —40 °C, which was afterwards
converted to the spectrum of the mixture of [Os¥'O4]" and 15~ (Figure 2-S2(b)). The
Os—Ibond in 1" may be easily cleaved homolytically to give I» and [Os¥""O4]~. The yield
of I3~ was determined as 48% based on OsOs by using the ¢ value of I5~,*° being consistent
with the reaction consequence mentioned above (theoretical yield of I3~ is 50%).
Apparently, the formation constant K¢* increases with increasing the pK, value of the
conjugate acid (HX), thus basicity of X~ controls the bond strength and stability of 1%
(Table 2-S1).

Crystal Structures and Spectroscopic Characteristics of [OsO4(X)]~ (1%).

The halide adducts of OsY"', [PhsP][OsO4(Br)] (18"), [PhaP][OsO4(C1)] (1¢"), and
[PhsaP][OsO4(F)] (1¥) were obtained as powder samples from the preparative scale
reactions in acetonitrile (see Experimental Section). However, the iodide-adduct
complex [BusN][OsO4(I)] (1') could not be isolated because of its instability even at
—40 °C (Figure 2-S2).

The isolated halide-adducts exhibited two strong IR bands ascribable to asymmetric
(V(0s=0)asym) and symmetric (Vos=0ysym) Os=O stretching vibrations at 933 and 946 cm™
for 187, at 882 and 909 cm™! for 1€, and at 878 and 900 cm™! for 1¥ in the solid state (KBr)
(Figure 2-S4). These values are lower than those of OsOy itself (954 and 965 cm™),%
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reflecting weakened Os=0O bonds by electron donation by the halide anion and/or
decrement of the coordination number from 4 to 5.  Furthermore, the vos-o values of 1B*,
1€!, and 1F differ significantly due to different degree of Os—X bonding interaction as
reflecting in the different Os—X bond lengths in the crystal structures as discussed below.
The crystal structures of 18" and 1¢! determined in this study are shown in Figure
2-2. Despite our great efforts, single crystals of 1¥ suitable for X-ray crystallographic
analysis could not be obtained. The crystal structures of CI- and F~ adduct complexes,
[Ph4P][0s04(C1)]-CH2Cl> (1€) and [MesN][OsO4(F)] (1) have already been reported
in the literatures, which are shown in Figure 2-S5 and Figure 2-S6, respectively.®!: 32
Interestingly, 18" has an osmium center with a slightly distorted tetrahedral geometry
with four oxido ligands, where the Br~ is weakly interacting with the osmium center
mainly via electrostatic interaction. Namely, the Os(1)-Br(1) distance of 3.4653(3) A
is significantly longer than the sum of ionic radii of Os and Br atoms (2.35 A),>* where

O(1), Os(1), and Br(1) are lined up in a straight line; O(1)—Os(1)-Br(1) angle is

Figure 2-2. X-ray crystal structures of complex (a) 18" and (b) 1¢". Hydrogen atoms
have been omitted for clarity. The number between atoms represents the bond distances
(A). The Selected bond distances (A) and angles (°): For 18, Os(1)-Br(1), 3.4653(3);
Os(1)-0O(1), 1.713(2); Os(1)-0O(2), 1.701(2); Os(1)-0O(3), 1.707(2); Os(1)-0O(4),
1.700(2); Os(1)—plane(020304), 0.50; O(1)—-Os(1)-Br(1), 178.87; O(1)—-0s(1)—0(2),
107.17(10); O(2)-0s(1)-0(3), 111.91(11); O(3)-0s(1)-0(4), 112.11(12). For 1¢,
Os(1)-CI(1), 2.644(2); Os(1)-O(1), 1.733(7); Os(1)-0(2), 1.717(5); Os(1)-0(3),
1.705(5); Os(1)-0(4), 1.713(5); Os(1)-plane (020304), 0.30; O(1)-Os(1)-CI(1),
179.2(2); O(1)-0s(1)-0(2), 99.5(3); O(2)—0s(1)-0O(3), 118.5(3); O(3)-0s(1)-0O(4),
116.2(3).
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178.87(7)°. As shown in Figure 2-2, the OsO4 core is surrounded by the neighboring
counter cations PhsP*, where distances between the oxygen atoms of 18" and the carbon
atoms of the phenyl groups of Ph4P* are 3.3-3.5 A.  With respect to the bond angles, the
bond angles of O(2)—0s(1)-0(3), O(2)—0s(1)-0(4), and O(3)-Os(1)-O(4) are very
close each other (111.9(1), 111.7(1), and 112.1(1)°, respectively) and the bond angles of
O(1)-0Os(1)-0(2), O(1)-0s(1)-0O(3), and O(1)-0Os(1)-0O(4) are also very close each
other (107.2(1), 106.7(1), and 106.9(1)°, respectively). Moreover, the Os(1)-O(1) bond
length (1.713(2) A) is close to that of OsOys itself (1.712 A)> and the distance between
Os(1) and a basal plane consisting of O(2), O(3), and (4) atoms is 0.50 A, which is also
close to that in OsOs itself (0.553 A).  Thus, the observed rather small red-shift of vos-o
in 18" could be ascribed to the electronic structural perturbation of the Os=O bonds
(making Os®*—0%) by the electrostatic interaction with Br~.

In the case of 1€, interaction of CI~ with Os center is stronger than that of Br~ with
Os in 187, In the packing diagram of 1€, the same type of interaction exists between
OsO4 and Ph4P* (interaction between the oxygen atoms and the carbon atoms of the
counter cation) as shown in 18" (Figure 2-2). Namely, 1¢' takes a slightly distorted
trigonal bipyramid structure, where a Os(1)—Cl(1) bond length of 2.644(2) A is slightly
longer than the sum of ionic radii of Os and Cl atoms (2.20 A).>> The distance between
Os(1) and a basal plane consisting of O(2), O(3), and O(4) atoms is 0.30 A, which is
smaller than that in 18",  The crystal structure of 1€ ([PhsP][OsO4(Cl)-CH2Cl,]) was
reported by K. Dehnicke and co-workers as shown in Figure 2-S5,3! where hydrogen
bonding interaction between the CI(1) and the two solvent molecules (CH2Cl>) makes the
trigonal bipyramid geometry more distorted compared with that in 1¢' (Figure 2-2). The
crystal structure of 17’ ([MesN][OsO4(F)]) shown in Figure 2-S6, determined by J.
Schrobilgen and co-workers,>? also exhibits a distorted trigonal bipyramid geometry due
to multiple hydrogen bonding interactions between both the fluorine atom and the oxido
ligands with the counter cations N(CH3)s*, Figure 2-S6). Even though 1¥° has a
distorted trigonal bipyramid structure, the distance between Os(1) and a basal plane
consisting of O(2), O(3), and (4) atoms is the smallest as 0.28 A among the three halide
complexes, reflecting the strongest interaction between F~ and Os center. Although
crystal structure of 1¥ has yet to be determined, the elemental analysis data indicated that

1¥ does not contain any solvent molecules in the sample (see Experimental Section).
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Furthermore, the counter cation of 1¥ is PhsP*, which is different from that in 1%’
(N(CH3)4"). Thus, there might be no interaction of the fluoride anion with solvent
molecule and/or counter cation such as found in 1" and 1¥° (Figure 2-S5 and Figure
2-S6). If so, the structure of 1¥ might be a symmetric trigonal bipyramidal structure
having C3y axis (O—Os—F) like in 1¢! (Figure 2-2). Comparison of distances between
Os(1) atoms and the basal planes (0.55 for OsO4; 0.50 for 18%; 0.30 for 1¢%; 0.28 A for
1¥°) reveals that more basic anion causes more significantly structural change from
tetrahedron to trigonal bipyramid. These interaction between halide anion and OsO4
rationalized the presence of o-hole interaction in the halide adducts (1B and 1¢) as
reported in OsOs-pyridine adduct.>

Regarding to the Os—O distances, the Os—Ouasa distances of 18" (Os(1)-O(2):
1.701(2), Os(1)-O(3): 1.707(2), and Os(1)-O(4): 1.700(2) A) are not so different from
the Os=0 bond length of the original OsO4 (1.712 A for OsO4,>* the four Os—O bonds are
equivalent), but those of 1¢! are somewhat elongated compared to that in OsOs
(0Os(1)-0(2): 1.717(5), Os(1)-0O(3): 1.705(5), and Os(1)-O(4): 1.713(5) A in 1),
reflecting the stronger interaction of Os—Cl compared to Os—Br. The different degree
of Os—X interaction is more pronounce in the Os—Oaxial distances (Os(1)-O(1): 1.713(2)
A in 13" and Os(1)-O(1): 1.733(7) A in 1¢).  Apparently, the observed vos-o shifts in
the FT-IR spectra can be ascribed to the elongation of the Os—O bonds.

Electrochemical Property.

Effects of halide-interaction with OsO4 were also examined electrochemically using
cyclic voltammetry (CV). OsOs itself exhibited a reversible redox couple assignable to
the Os(VIII)/Os(VII) redox process at Ei» = —0.32 V (vs. Fc/Fc', Epa = —0.28 V, Epe =
—0.35 V, black line in Figure 2-3). Addition of one equivalent of BusNF (1.0 mM) to
the OsO4 solution gave a quasi-reversible redox wave in more negative region (red line),
from which the redox potential of complex 1¥ (£12) was determined as —0.42 V (vs.
Fc/Fc*, Epa = —0.37 V, Epe = —0.47 V). 1¢" and 18" also gave quasi-reversible redox
couples, when CVs were measured in the presence of a large excess of the counter anions
to ensure the formation of the halide adducts (Figure 2-S7), from which apparent E1.
values were determined as —0.35 and —0.29 V vs. Fc/Fc', respectively. The redox

potential of 1! also shifted to the negative direction compared to that of OsO4. However,
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Figure 2-3. Cyclic voltammograms of OsO4 (1.0 mM, black line) and that in the
presence of an equimolar amount of BusNF (1.0 mM, red line) in CH3CN containing 0.1

M of BusNPFs as the electrolyte at 25 °C.

its negative shift value was smaller than that of 1¥. Thus, the stronger coordinative
interaction of the halide anion makes the Os center harder to be reduced. In this respect,
the positive shift of E1, of 18" seems to be a little strange. However, such a positive
shift of E£12 is understandable, if the electrostatic interaction between the oxido groups of
18" and the "BusN"* cations of the supporting electrolyte ("BusNPFs existing in the solution
in a large excess) is more predominant compared to the weak coordinative interaction
between the Os center and Br. Such an electrostatic interaction causes an electronic
structural perturbation of the Os core like Os®*~0?%, resulting a positive shift of £/, of
18, In the case of 1€, on the other hand, the stronger coordinative interaction between
the Os center and CI~ (Ki“' = 8.5 M), compared to that between the Os center and Br-
(K= 0.69 M), becomes more important, resulting the negative shift of £1/» of 1¢!,

Oxidation of Benzyl alcohol by 1F.
Since the K¢ values of 18" and 1¢! are too small (Table 2-S1) to generate the

corresponding halide adducts quantitatively in solution, the oxidation ability of 1% (0.8
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mM) was evaluated using 1 in the oxidation of benzyl alcohol (1.0 mM) in acetonitrile
at —40 °C. Although OsOys itself can oxidize benzyl alcohol to benzaldehyde after 10
min in a 6% yield,>® > the yield of oxidation product increased significantly to 36% when
1¥ was used instead of OsOs. Such an enhancement of oxidation ability of OsOs was
also observed in alkene cis-dihydroxylation with OsOs-pyridine adducts.!” These
phenomena are notable, since the adduct formation causes the decrease of reduction
potential, thus decrease of the electron-transfer oxidation ability of OsOs. Then, the
oxidation of benzyl alcohol by 1¥ was investigated kinetically in order to get insights into
the mechanism for the enhancement of oxidation ability.

In Figure 2-4(a) is shown the spectral change of the reaction at —40 °C, where the
shoulder band around 420 nm due to 1¥ decreased with concomitant increase of a new
absorption band at 700 nm. Appearance of the band around 700 nm suggested

VI species as discussed below (Scheme 2-2).°% The kinetic trace

generation of an Os
based on the absorption changes at 700 nm consisted of two phases (Figure 2-4(a), inset).
In the first phase (0-1200 sec), the absorption band at 700 nm appeared following first-
order kinetics, but after that, the band around 700 nm further grown up to generate an
OsV! species (Figure 2-S8), which was similar to that of [OsY!'O4]~ (Figure 2-S3). The
OsV!l species can be generated by the comproportionation reaction between an OsV!

VI gpecies as also discussed below.>

species and remained Os
Then, the reactions were followed by monitoring the absorption change at the first
phase reaction. The pseudo-first-order rate constants (kobs) of the reactions in the first
phase were obtained based on the time course of absorption changes using non-linear
curve fitting using a first-order kinetic equation of [Os]; = [Os]o exp(—kobsf). Then, the
plot of kobs against the concentration of benzyl alcohol gave a saturation curve (Figure
2-4(b)), suggesting a complex formation between 1F and benzyl alcohol (1¥-PhCH,OH)
prior to alcohol oxidation process. In such a case, the reaction rate (kox) and the
equilibrium constant (Ka.4d) are expressed by equation (2), where fkops =
koxKadd[PhCH2OH]/(1 + Kaga[PhCH,OH]).
kox Kaga [PhCH,OH] [Os]y
1 + K,44[PhCH,OH]

v = k[1F-PhCH,OH] = = kops [Os]r  — (2)
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Figure 2-4. (a) UV-vis spectral changes measured until 1200 sec after addition of
benzyl alcohol (200 mM) to 1¥ (1.0 mM, black) in CH3CN at —40 °C. Inset: The time
course of the absorption changes at 700 mm. (b) The Plot of kobs against [PhCH>OH].
(c) A double-reciprocal plot of kobs ' against [PhCH,OH]™"' (kobs ' = 22[PhCH,OH]™" +
583). (d) A plot of log(kox) and log(Kadd) against Hammett constant o, (p = 0.60 and
—0.73, respectively)

Thus, kox and Kada were determined by the double reciprocal plot of kobs' against
[PhCHOH]™" (kobs ' = (1 / koxKadd)[PhCH20H]™ + 1/kox) (Figure 2-4(c)).®° From the
slope and the intercept of the linear line, equilibrium constant (Kadd) and oxidation
reaction rate (kox) were determined as 26.5 M~ and 1.72 x 1073 s7!, respectively. To
examine the electronic effect of p-substituent (Y) of the substrates, the reactions of 1F
with a series of p-substituted benzyl alcohol derivatives (p-Y-CsH4CH2OH; Y = —-OCH3,
—Br, —CF3, and —NO;) were examined (Figure 2-S9-S12). The Kadad and kox values are

summarized in Table 2-2.
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Table 2-2. Kinetic parameters Kaia and kox in the reaction of 1¥ with p-substituted

benzyl alcohol.
-Y (p-substituent) op Kadd, M™! kox, s~
—OCH3 -0.27 48.4 0.90 x 1073
-H 0 26.5 1.7 x 1073
—Br 0.23 12.4 22 %1073
—CF; 0.54 9.7 2.9x 1073
-NO; 0.78 8.6 45 %107

The plot of log(kox) against the Hammett constant o, gave a linear correlation with a
positive p value of 0.60 (Figure 2-4(d), black line). Such a small positive p value
indicates that 1F exhibits a nucleophilic radical character in the alcohol oxidation.
Furthermore, by the reaction of 1¥ with a 1 : 1 mixture of benzyl alcohol (PhCH>OH) and
deuterated benzyl alcohol (PhCD,OH) , a kinetic deuterium isotope effect (KIE) was
determined as 4.5 from the integral ratio of benzaldehyde (PhCHO) and deuterated
benzaldehyde (PhCDO) in the '"H NMR spectrum (KIE; 1/(1.22 — 1.00) = 4.5, Scheme
2-S1 and Figure 2-S13). The KIE value could not be obtained by direct comparison of
kox™! and ko, because the initial phase became obscure due to too slow reaction of 1F
with PhCD,OH. Furthermore, generation of hydrogen fluoride (HF) was confirmed by
YF NMR after the reaction of 1¥ with benzyl alcohol (Figure 2-S14).6: 62

The plot of log(Kadd) against the Hammett constant o, also exhibited a linear
correlation with a negative p value of —0.73 (Figure 2-4(d), red line). This result was
reasonable since the adduct formation constant Ka.isa would increase as the electron
donation by the p-substituent (Y) increases.

A possible reaction mechanism is shown in Scheme 2-2. First, benzyl alcohol
(PhCH2OH) adds to 1F to generate alcohol adduct intermediate A. The reversible
alcohol adduct formation is consistent with the observed saturation kinetics shown in
Figure 2-4(b). This equilibrium process is controlled by the electron donor ability of
p-substituent of the substrate, which was supported by negative p value of —0.73 obtained
in the plot of log(Kada) vs. op. From this intermediate, there are two possible reaction
pathways to give benzaldehyde product (PhCHO): benzylic hydrogen atom abstraction
by the oxido group (path (i)) or by the fluoride group (path (ii)). In path (i),
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Scheme 2-2. Possible reaction mechanisms for the oxidation of benzyl alcohol by 1F.

[OsV102(OH)2(F)]~ (B) is generated together with PhCHO after the reaction. On the
other hand, in path (ii), the fluoride atom of the OsY"'-F site of A abstracts hydrogen
atom to give directly [OsV'O3(OH)] (C), HF, and PhCHO. Since there is a relatively
large KIE (4.5) in the benzyl alcohol oxidation, hydrogen atom abstraction (HAA)
process is apparently involved in a rate-limiting step in both cases. Since the alcohol-
adduct is the key intermediate, the author tried to detect it by using fert-butyl alcohol
which may not be oxidized due to the absence of a-proton. However, the reaction did
not proceed at all, probably due to the large steric hindrance of the fert-butyl group,
preventing the initial adduct formation.

To get insights into the alcohol oxidation mechanism, density functional theoretical
calculations were performed. Among the calculations for the singlet and triplet species,
only the singlet species could be optimized. The calculated energy profiles for the
possible mechanism were shown in Figure 2-5. In path (i), hydrogen atom abstraction
by one of the oxido group at the equatorial position requires an activation barrier of 11.8
kcal/mol to produce B and benzaldehyde. Formation of B is exergonic by —63.5
kcal/mol. On the other hand, hydrogen atom abstraction by the coordinated fluoride
group in path (ii) requires an activation barrier of 23.8 kcal/mol to produce C, HF, and
benzaldehyde, although formation of C is also exergonic by —41.4 kcal/mol. Thus, it
can be concluded that the oxidation of benzyl alcohol proceeds through path (i). The
generated [OsV'O2(OH)(F)]” (B) may react with remained [OsY"O4(F)]~ (1F) to give
[OsV'04]~ and HF. The yield of PACHO was 36% based on the Os"!"' complex, which

is consistent with the proposed mechanism, where the maximum yield of PhCHO is 50%.
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Figure 2-5. Computed energy diagrams for alcohol oxidation by 1F in the singlet state.
Conclusions

In Chapter 2, the reactions of OsO4 with the series of halide anion (X") were
examined to demonstrate that the interaction between the osmium center and X~ differs
significantly. In the case of I, the adduct formation was observed only at a low
temperature (—40 °C), from which homolytic OsV™'I bond cleavage occurs to give
[OsV'04] ™ and Ie, the latter of which is converted to Is~ via dimerization and subsequent
association with I~ existing in the solution. On the other hand, Br~, Cl-, and F~ formed
stable 1 : 1 adducts, 1%, but the strength of the OsY"-X interaction is largely different
among the three halide anions. Namely, the interaction of OsV'"'-Br is more like an
electrostatic interaction having a significantly elongated bi-atomic distance of 3.4653(3)
A in the solid state, which is significantly longer than the sum of ionic radii of Os and Br
atoms (2.35 A).
CH3CN solution at 30 °C.  The interaction between OsO4 and Cl is stronger than that
between OsOs and Br- by one-order of magnitude (Ki' = 8.5 M™).

Thus, the formation constant (K{®") is rather small as 0.69 M~ in

However, the
distance between the osmium center and Cl atom (2.644(2) A) is still longer than the sum
of ionic radii of Os and Cl atoms (2.20 A). Thus, the interaction between the osmium
center and Br- and Cl” can be regarded as a o-hole interaction as reported for the
OsO4-pyridine adducts.>> Such an interaction resulted a structural distortion of the

osmium center from tetrahedron to trigonal bipyramid.
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Scheme 2-3. Structural changes in the alcohol-addition step to (a) OsOs and to (b) 1F.

Notably, F~ forms a strong coordinative interaction with the osmium center to give
1¥ having a slightly distorted trigonal bipyramidal structure. More importantly, the
F-adduct 1F exhibited a higher reactivity compared to OsOys itself in the oxidation of
benzyl alcohol. Kinetics and DFT calculation studies indicated that the reaction
proceeds via adduct formation between 1¥ and benzyl alcohol substrate, from which
hydrogen atom abstraction takes place from the benzylic position of the substrate by the
oxido group in the adduct intermediate A to give benzaldehyde and Os¥! species. The
enhancement of the alcohol-oxidation ability of OsOs4 can be attributed to the
enhancement of the alcohol addition step to the osmium center. The structural change
from the trigonal bipyramid of 1¥ to the octahedron of intermediate A may be easier than
the direct addition of the alcohol substrate to the highly symmetric tetrahedral OsO4
making a trigonal bipyramidal intermediate A’ as shown in Scheme 2-3.  Steric
configuration between the oxido group and the benzylic position of the added alcohol
substrate in intermediate A may also be favorable for the hydrogen atom abstraction step.
The present results will give important insight into the effects of added base for the

enhancement of OsO4 reactivity.
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Supporting Information for Chapter 2
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(a) UV-vis spectral changes observed in the titration of OsO4 (1.0 mM)
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Figure 2-S2. UV-vis spectral changes observed in the reaction of OsO4 (1.0 mM) with
BusNI (50 mM) (a) at 30 °C and (b) at —40 °C.
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Figure 2-S3. UV-vis spectrum of the authentic sample of [Ph4P][Os"""O4] in CH3CN.

Table 2-S1. The relationship between pKa value of the conjugated acids (HX) and K¢¥.

X pKa of HX (in H20) K%

I -10 —
Br- -9.0 0.69
ClI -8.0 8.5
F- 3.2 too large
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Figure 2-S4. FT-IR spectra of 18" (purple), 1! (green), and 1¥ (red) in a range from (a)
800 to 1000 cm™! and (b) 500 to 4000 cm ™.
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Figure 2-S5. Crystal structure of [PhsP][OsO4(Cl)]*CH,Cl> (1) reported in Ref 51.
Hydrogen bonds are indicated by dotted lines (the numbers shown in the figure represents
bond distances (A)).

Figure 2-S6. Crystal structure of [MesN][OsO4(F)] (1¥°) reported in Ref 52.
Hydrogen bonds are indicated by dotted lines (the numbers shown in the figure represents
bond distances (A)).
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Figure 2-S7. Cyclic voltammograms of (a) OsOs, (b) 187, (¢) 1€, and (d) 1F in CH3CN
containing 0.1 M of BusNPFg as the electrolyte at 25 °C.  Conditions: [OsOs]o= 1.0 mM,
[BusNBr] = 1.8 M (55% of 187), [BusNCI] = 1.8 M (94% of 1), [BwuNF] = 1.0 mM
(100% of 1F).
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Figure 2-S8. (a) UV-vis spectral changes measured at 1200 sec (red) and 8000 sec
(blue) after addition of benzyl alcohol (200 mM) to 1¥ (1.0 mM, black) in CH3CN at
—40°C. (b) The expanded time course of the growth of Os species monitored at 700 nm.
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Figure 2-S10. (a) UV-vis spectral changes measured until 1500 sec after addition of
p-bromobenzyl alcohol (50 mM) to 1¥ (1.0 mM, black) in CH3CN at —40 °C. Inset: The
time course of the absorption changes at 700 mm. (b) The Plot of ks against [p-Br-
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Figure 2-S12. (a) UV-vis spectral changes measured until 800 sec after addition of
p-nitrobenzyl alcohol (125 mM) to 1F (1.0 mM, black) in CH3CN at —40 °C. Inset: The
time course of the absorption changes at 695 mm. (b) The Plot of kobs against [p-NO»-
CesH4sCH2OH]. (c) A double-reciprocal plot of kobs ' against [p-NO»-CcHsCH,OH] ™.
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Scheme S1. Competitive oxidation reaction of PhCH>OH vs. PhCD>OH.
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Figure 2-S13. 'H NMR spectrum measured after the reaction of 1¥ with a 1 : 1 mixture
of benzyl alcohol (PhCH>OH) and deuterated benzyl alcohol (PhCD>OH) in CD3;CN at
—40 °C. Two peaks at 7.22 and 7.30 ppm are assigned to remained benzyl alcohol.
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Figure 2-S14. '°F NMR spectrum measured after the reaction of 1¥ with benzyl alcohol.
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Chapter 3
C(sp®)—H Bond Activation by Carboxylate-Adduct of OsO4
Introduction

Activation of C(sp*)—H bonds is of great importance in synthetic organic chemistry,
industrial chemistry and biological chemistry. Metal-oxido complexes with a high
oxidation state have been frequently employed as an oxidant in the oxidation of a variety
of organic compounds in those systems. Osmium tetroxide (OsOs) having the high
oxidation state of VIII at the metal center is a versatile oxidant in synthetic organic
chemistry.!  Majority of the oxidation reactions induced by OsOs is, however,
cis-dihydroxylation and cis-aminohydroxylation of alkenes.*'> In 2005, Mayer and
co-workers reported that OsO4 can also induce oxygenation reaction of simple alkanes
under an aqueous alkaline condition (pH = 12.1, at 85 °C for 7 days), where alkane
substrates having a tertiary C—H bond (R3C—H) are oxidized to the corresponding
alcohols (R3C—OH) whereas cyclic alkanes having secondary C—H bonds (R2CH>) such
as cyclohexane and cyclopentane are converted to the ring-opened dicarboxylic acid
derivatives.!>  They also reported oxidation of methane to methanol using an
OsO4/NalOs system in water.'*  Although mechanistic details of such alkane
oxygenation reactions have yet to be clarified, a hydroxide adduct of OsO4, [OsO4(OH)],
was proposed as an active oxidant in the alkane oxygenation reaction, where the C—H
bond oxidation proceeds via a concerted [3+ 2] mechanism illustrated in Scheme 3-1(a).
On the other hand, Lau and co-workers reported that an oxido-osmium(V) complex,
[OsY(O)(gpy)(pic)CI]*" (qpy = 2,2°:6°,2:6,2°”-quaterpyridine; pic = 4-picoline),
exhibited C(sp®)-H bond hydroxylation reactivity, for which they proposed hydrogen

JH.
o TI- o g |f oH TI- 0 TJ2-
o-llvii R-H ol - o= lw oH-  Ho-_ IV oH
@ ~Z0s=0 ——| ~>0s=0 —> “Z0s—OR ——> ~—0s_ + HO-R
o= | o*= | = H0  HO™ || ~oH
OH OH OH ©
R—H *
(b) LOsY=0 ——> [LOSV=O---H—R] — > LOsV—0H + -R 22N | gl + HO-R

Scheme 3-1. Proposed mechanisms for C(sp?)-H bond hydroxylation by osmium-

oxido complexes.
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atom abstraction and subsequent OH rebound mechanism (Scheme 3-1(b))."”

Meanwhile, it has been demonstrated that the oxidation ability of OsOs in the
cis-dihydroxylation is largely enhanced when Lewis base such as pyridine coordinates to
the Os-metal center.!®  The author has also found that coordination of fluoride anion (F-)
to OsO4 enhances the reactivity toward alcohol oxidation reaction in Chapter 2.!7  Thus,
it is highly desired to explore the effects of external ligands in more detail in the alkane
oxidation reaction by OsOas.

In Chapter 3, the author investigated the reactivity of carboxylate-adducts of OsOs,
[0sO4(X)]~ (1%, acetate: X~ = AcO~ and benzoate: X~ =BzO") in C(sp*)—H hydroxylation.
Adoption of the carboxylate anion as the external ligand allowed us to perform isolation
and structural characterization of the anion adducts of OsO4 as well as kinetic studies on
the hydroxylation reactions of a series of alkane substrates. Combined with DFT
calculations, the author proposes a mechanism involving two oxido groups, acting as the
hydrogen atom accepter from the alkane substrate (R—H) and the oxygen atom donor to

the generated alkyl radical intermediate (R¢), a stepwise version of the [3+2] mechanism.
Experimental Section

General. The reagents and the solvents used in this study were commercial products of
the highest available purity and further purified by the standard methods, if necessary.'®
"H NMR spectra were recorded on a JEOL ECP400 or a JEOL ECS400 spectrometer.
FT-IR spectra were recorded with a Jasco FT/IR-4100 spectrometer. Elemental analysis
was carried out with a Yanaco CHN-Corder MT-5. UV-vis spectra were recorded on a
Hewlett Packard 8453 photo diode array spectrometer or a Jasco V-650 spectrometer.
Electrochemical measurements were performed with a Hokuto Denko HZ-7000. A set
of carbon working electrode, an Ag/Ag" reference electrode, and a platinum counter
electrode was employed in these experiments. After the CV measurements, ferrocene
was added to the sample solution as an internal standard and the redox potential of Fc/Fc*
was setas 0.0 V. A0.1 M acetonitrile stock solution of OsO4 was prepared by dissolving
1.0 g of OsO4 (3.93 mmol) in 39.3 mL of acetonitrile and stored in a bottle with a screw
cap. Products formed after the oxidation of substrates with osmium compounds were
analyzed with a HPLC system of an EXTREMA series (JASCO Co.) equipped with a
reverse-phase column (column: Nacalai Co. COSMOSIL 5Cis-AR-II, eluent: CH3CN /
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H,O =4/ 6). PhsPOBz, [PhsP][OsV"O4] and deuterated xanthene (xanthene-d>) were

synthesized by reported methods.!*-??

Synthesis of [BusN][OsO4(OAc)] (1°4°). BusNOAc (60.3 mg, 0.20 mmol) was
dissolved in a 2.0 mL of an acetonitrile stock solution containing 0.1 M OsO4 (0.20 mmol),
and the resultant solution was stirred for 15 min, during which color of the solution
became orange. Diethyl ether was added to the resultant orange solution to give an
orange powder, which was collected by filtration and dried under air. Yield: 87.7 mg
(0.16 mmol, 79%). Single crystals suitable for X-ray crystallographic analysis were
obtained by slow diffusion of diethyl ether into a dichloromethane solution containing the
product complex. Elemental analysis data did not match well with the calculated values
because the orange powder changed to a black powder under air within a few hours.
UV-vis (in-situ generated 1°A¢€ in acetonitrile): Amax = 320 nm (& = 2560 M~! cm™), 390
(840). FT-IR (KBr): 886 (v(0s=0jasym) and 909 cm™ (vos=0ysym). IR spectrum was

measured quickly before the color changed to black.

Synthesis of [PhyP][0sO4(0Bz)] (1°8%). This compound was prepared according to a
similar procedure described for synthesis of 194¢ by using Ph4sPOBz (50.2 mg, 0.20
mmol) instead of BuuNOAc. The generated violet powder was collected by filtration
and dried under air. Yield: 62.6 mg (0.12 mmol, 62%). Single crystals suitable for
X-ray crystallographic analysis were obtained by slow diffusion of diethyl ether into a
dichloromethane solution containing the complex. Anal. Caled. for 19Ac
(C31H25060sP): C, 52.09; H, 3.53%. Found: C, 52.45; H, 3.58%. UV-vis
(acetonitrile): Amax = 320 nm (¢ = 2600 M~' cm™), 390 (800). FT-IR (KBr): 886

(V(0s=0)asym) and 906 cm™" (v(0s=0)sym).

Determination of formation constant (Kr) for Os-carboxylate adduct complexes 1%,
The titration of OsO4 by BusN"X™ (X~ = AcO or BzO") was carried out in acetonitrile at
30 °C using a 1.0 cm path length UV-vis cell closed with a septum cap. Concentrations
of the reagents are described in the figure captions of Figures 3-1 and 3-S1. The
formation constants of complexes 1°A¢ and 1°8* were calculated from the plots of
(A—A0)/(A—A) against [L]o—a[M]o (o = (4—Ao)/(A=—Ao)), which is ordinary used to

23, 24

determine larger equilibrium constants, where [M]o 1s the initial concentration of

0504, [L]o 1s concentration of the BusNX added, 4o and A4« are the initial and final
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absorbance, respectively, and A4 is the observed absorbance at added [BusNX] (eq. 1).

K([BuNX]o — a[0504)p) = ——20 [a - ﬂ] —
A, —A A, — Ay
Kinetic studies. All reactions of 194¢ (0.5 mM) with the substrates (5.0-450 mM) were
carried out in a 1.0 cm path length UV-cell closed with a septum cap. After generation
of 194¢ by the treatment of OsO4 (0.5 mM) with BuuNOAc (5.0 mM) in acetonitrile,
reactions were started by adding the substrate into the solution through a septum cap with
using a microsyringe at 70 °C under N> atmosphere. The reactions were followed by

monitoring the increase of an absorption band around 694 nm due to an Os"!

species.
After the reaction, anisole was added into the resulting solution as an internal standard to
analyze the products by HPLC. The yields of products were calculated by comparing

the peak area of the products to those of the authentic samples using calibration curves.

X-ray crystallographic analysis. The single crystal was mounted on a loop with a
mineral oil, and all X-ray data were collected at —170 °C on a Rigaku R-AXIS RAPID
diffractometer using filtered Mo-Ka radiation. The structures were solved by direct
method (SIR 2011) and expanded using Fourier techniques. The non-hydrogen atoms
were refined anisotropically by full-matrix least-squares on F2. The hydrogen atoms
were attached at idealized positions on carbon atoms and were not refined. All of the
crystallographic calculations were performed using the Crystal Structure software
package of Molecular Structure Corp. [Crystal Structure, Crystal Structure Analysis
Package, version 3.8.1, Molecular Structure Corp. and Rigaku Corp. (2005)].

Crystallographic parameters are summarized in Table 3-1.

Computational Details. The density-functional-theory (DFT) calculations were
performed with the Gaussian 16 program package (Rev. C01).25 All geometry
optimizations were carried out with the M06 functional.?® The SDD (Stuttgart/Dresden
pseudopotentials) basis set?” 28 for Os and the 6-311+G** basis set? for the other atoms
were employed.  After geometry optimizations, vibrational analyses were calculated for
all reaction species to confirm stable and transition structures. Energy profiles of
calculated pathway are presented as the SCF energy considering the solvent effect of
acetonitrile (¢ = 35.688) based on the Polarizable Continuum Model (PCM).*°
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Table 3-1. Crystallographic data for [BusN][OsO4(OAc)] (1°4¢) and [Ph4P][OsO4(OBz)]

(IOBZ).

10Ac

IOBz

Formula
Formula weight
Crystal system
Space group
a, A
b, A
c, A
a, deg
p, deg
> deg
v, A3
Z
Dealcd, g/cm™
F(000)
u(Mo-Ka), cm™
Crystal size, mm
T,K
20max, deg
No. of reflns obsd
No. of params
Rl
wR,Ib]

GOF

Ci13H39NOgOs

555.74
Monoclinic
P2i/c (#14)

9.5061(6)
14.4323(8)
16.7770(9)

90.0000
98.4039(19)

90.0000

2277.0(2)
4
1.612
1100.00
56.26

0.20 x 0.20 x 0.10

103
55.0
5219

235

0.0353
0.0808
1.075

C31H25060sP
714.71
Monoclinic
P2i/c (#14)
13.58334(10)
9.34707(8)
21.6745(2)
90.0000
93.6901(7)
90.0000
2746.19(4)
4
1.729
1400.00
97.05 (Cu-Ka)
153
148.9
5464
352
0.0372
0.0996
0.397

[a] Ri= Z(|F0| - |Fc|)/Z|Fo|

[b] wR2 = [E(W(F? — F2)?)/Ew(F*)*]"?
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Results and Discussion
Adduct formation of OsO4 with carboxylate ions.

The reactions of OsO4 with carboxylate ions, AcO~ and BzO~, were first examined.
In Figure 3-1(a) is shown the UV-vis spectral changes observed upon addition of various
amounts of BusNOACc to an acetonitrile solution of OsO4 (0.5 mM) at 30 °C. OsOj4 has
no absorption band in the visible region in CH3CN, whereas an intense absorption band
at 310 nm and a shoulder band at 390 nm gradually appeared as the amount of AcO~
increased. The spectral change almost completed when total concentration of BusNOAc
reached about 4.0 mM, and the plot of A4bs against the concentration of BusNOAc gave
a saturation curve (Figure 3-1(a), inset), which can be analyzed by using equation (1) (see
Experimental Section). Thus, the plot of (4—40)/(4x—A) against [BusNOAc]o— a[OsO4]o
showed a straight line as shown in Figure 3-1(b), from which the formation constant K{°A°
of 194¢ was calculated as 5.7 x 10° M~'.  The formation constant K{°B* for 1°B was also
determined as 5.4 x 10° M~! by a similar manner (Figure 3-S1). In both cases, the K¢*

values are nearly the same, reflecting the similar pK. value of the conjugated acid (22.3

of AcOH and 20.7 of BZOH in CH3CN).

c04r

15F 3 03l
310 %ol

0 10 20 30 40
[BuyNOAc], mM

Absorbance
o
(A-Ap)/(Ax—A)
N

390

o
Y
T

300 400 500 600 O0 01 02 03 04 05 06

Wavelength, nm [BusNOACc]y—a[0sO4]g, MM

Figure 3-1. (a) UV-vis spectral changes observed in the titration of OsO4 (0.5 mM) by
BusNOAC in acetonitrile at 30 °C. Inset: Plot of A4bs at 390 nm against [BusNOAc].
(b) Plot of (4—40)/(A—A) against [BusNOAc]o — a[OsOs]o.
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Crystal structures and spectroscopic characteristics of [OsO4(X)]™.

The OsY"-carboxylate adducts, [BusN][OsO4(OAc)] (1°4¢) and [PhsP][0sO4(OBz)]
(198%), were obtained as powder samples from the preparative scale reactions in
acetonitrile (see Experimental Section). The isolated carboxylate-adducts exhibited two
strong IR bands ascribable to asymmetric (V(0s=0)asym) and symmetric (v(0s=0)sym) Os=0O
stretches at 886 and 909 cm™' for 194¢ and 886 and 906 cm™! for 1982, respectively, in the
solid state (KBr) (Figure 3-S2). These values are lower than those of OsOy itself (954
and 965 cm™),3! reflecting weakened Os=0O bonds due to electron donation by the
carboxylate anion and/or decrement of the coordination number from 4 to 5.
Furthermore, the vos-0 values of 1°4¢ and 1°8* are nearly the same due to similar degree
of Os—X bonding interaction as reflecting in the Os—X bond lengths in the crystal
structures as described below.

The crystal structures of 194¢ and 1°8% are shown in Figure 3-2. The osmium
centers are coordinated by the five oxygen atoms, four oxide oxygen atoms (O(1) to O(4))
and one carboxylate oxygen atom O(5). In 194¢ the O(1)-Os(1)-O(5) angle is
177.45(1)°, and three bond angles of O(2)-Os(1)-0O(3), O(2)-Os(1)-0s(4), and
03)-0Os(1)-O(4) are close each other (116.57(1), 115.93(2), and 118.50(2)°,
respectively). The sum of the three bond angles is 351.0° and the Os(1) atom is located
above the plane consisting of O(2), O(3), and O(4) atoms by 0.299 A. The bond angles
of O(1)-0s(1)—0(2), O(1)-0s(1)-0O(3), and O(1)—0s(1)-0O(4) also are very close each
other (100.43(2), 100.28(2), and 99.56(2)°, respectively). It should be also noted that
the Os(1)-O(1) bond is elongated upon coordination of AcO~ anion to the Os(1) center
from 1.712 A to 1.730(4) A3 These observations reveal that the Os(1) center adopts a
slightly distorted trigonal-bipyramidal geometry having a O(1)-Os(1)-O(5) Csy axis.
The overall structures of 1982 are similar to that of 1°A¢ as shown in Figure 3-2. In this
case as well, the coordination of BzO~ makes the osmium center to adapt a slightly

distorted trigonal bipyramidal structure.
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Figure 3-2. ORTEP drawings of (a) 1°4¢ and (b) 198 showing 50% probability thermal
ellipsoids. Hydrogen atoms and counter cation are omitted for clarity. Selected bond
distances (A) and angles (°): For 1°4¢, Os(1)-0O(1), 1.730(4); Os(1)-0(2), 1.709(3);
Os(1)-0(3), 1.706(3); Os(1)-0(4), 1.707(3); Os(1)-0(5), 2.218(3);
O(1)-plane(020304), 0.299; O(1)-0Os(1)-O(5), 177.45(1); O(1)-0s(1)-0(2),
100.43(2); O(2)-0s(1)-0(3), 116.57(1); O(3)-0s(1)-0O(4), 118.50(2).  For 1982
Os(1)-0O(1), 1.719(5); Os(1)-0O(2), 1.691(4); Os(1)-0O(3), 1.704(4); Os(1)-0O(4),
1.701(5); Os(1)-0O(5), 2.225(3); O(1)-plane(020304), 0.302; O(1)-0s(1)-0O(5),
175.54(2); O(1)—0s(1)—0(2), 99.80(3); O(2)—0s(1)—0O(3), 116.28(2); O(3)-0s(1)—-0(4),
117.39(2).

Electrochemical properties.

The cyclic voltammetric (CV) measurements were performed to examine the
electronic effects of coordinated carboxylate anions. OsOy itself exhibited a reversible
redox couple assignable to the Os(VIII)/Os(VII) redox process at Eip = —0.32 V (vs.
Fc/Fc', Epa = —0.28 V, Epe = —0.35 V, black line trace in Figure 3-3). Addition of an
excess amount of BuyNOAc (10 mM) to the OsO4 (1.0 mM) solution gave a quasi-
reversible redox wave in the negative region (red line trace), from which the redox
potential of complex 1°A¢ (E1,) was determined as —0.42 V (vs. F¢/Fc¢', Epa = —0.37 V,
Epe = —0.46 V). 1982 also gave a quasi-reversible redox couple (Figure 3-S3), from

which E1» values was determined as —0.42 V (vs. Fc/Fc*, Epa=—-0.38 V, Epe =—0.46 V).
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Figure 3-3. Cyclic voltammograms of OsOs4 (1.0 mM, black line trace) and that in the
presence of BuuNOAc (10 mM, red line trace) in CH3CN containing 0.1 M of BusNPFg

as the electrolyte at a scan rate of 100 mV/sec 25 °C.

The redox potential shifted to the negative direction compared to that of OsQOs, indicating
that the coordination of the carboxylate anion makes the osmium center harder to be
reduced. Such a negative shift of the redox potential (AE = 0.10 V) demonstrates that the

electron-transfer oxidation power of complex 1°4¢ and 198* decreases by 9.6 kJ mol ™.
Oxidation of C(sp®)-H bonds by 1%,

The oxidation ability of 194¢ and 198% was examined in the oxidation of xanthene.
In Figure 3-4(a) is shown the UV-vis spectral changes observed in the reaction of OsO4
(0.5 mM) and xanthene (15 mM) in the presence of BuuNOAc (20 mM) in CH3CN at
70 °C under N> atmosphere. Under this reaction condition, almost all OsO4 is converted
to the acetate adduct 194¢ based on the K{°A° value determined by the titration at 70 °C
(Figure 3-S4, K°A¢=1.3 x 10* M~ at 70 °C in CH3CN).  The shoulder band around 390
nm due to 1°A¢ decreased with concomitant increase of a new absorption bands at 573,

660, and 694 nm. These bands are similar to those of the authentic sample of [OsV'04]~
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(Figure 3-S5), the formation of which was confirmed by ESI-MS of the resultant solution
(Figure 3-S6). [OsV'O4]  can be generated by the comproportionation reaction between
OsV! species and remained 1°4¢ as discussed below.>*>  From the final reaction solution,
xanthone (ketone) and xanthydrol (alcohol) were obtained in a 13 and a 22% yield based
on OsOg, respectively (Table 3-2).  Since xanthone and xanthydrol are four-electron and
two-electron oxidation products, respectively, the product yields based on the oxidation
equivalent are 52 and 44%, respectively (total 96%). A similar result was obtained in
the oxidation of xanthene by 1°B* (Table 3-S1). On the other hand, such oxidation
products were hardly obtained in the reaction of OsOy itself and xanthene under the same
reaction condition (Table 3-S1). Thus, it is apparent that the adduct formation greatly

enhances the reactivity of OsO4 in the C(sp*)-H bond oxidation reaction. Such an
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Figure 3-4. (a) UV-vis spectral change of 194¢ ([OsO4]o = 0.5 mM, [BusNOAc]o = 20
mM) observed upon addition of xanthene (15 mM) in CH3;CN at 70 °C under N>
atmosphere. (b) The time course of the growth of Os"!! species monitored at 694 nm
([xanthene] = 15 mM). Inset: Plot of In(4. — A4;) against the reaction time. (c) Plot of

kobs against [xanthene].
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Table 3-2. Rate constants and products of the oxidation of C(sp*)—H substrates by 1°4¢,

BDEc-n k> k2’

(kcal/mol) (M5 M s Product™ and Yield™

Substrate!™

OH 0}

75.0 9.7x102 48102
(o) (o)

22% (44%)  13% (52%)
(0]

76.2 93x107? 23 %107 “O 12% (96%)

(o)

5

0]

80.0 7.6 %107 3.8x107° Q'O 19% (76%)

82.5 32x107° 0.81 x 107

88§ 3§

6% (24%)

a2

[a] Reaction conditions: [1°4¢] = 0.5 mM (1.0 pmol / 2.0 mL) in the oxidation of xanthene (5.0 mM),
[194¢] = 1.0 mM (2.0 pmol / 2.0 mL) in the oxidation of 9,10-dihydroanthracene (10 mM), fluorene
(50 mM) and tetralin (200 mM) in CH3CN at 70 °C for 2 h under N>.  [b] Products were detected by
HPLC or '"H NMR. [c] Numbers shown in the parenthesis are the yields based on the oxidation

equivalent.

enhancement of oxidation ability of OsOs4 was also observed in alkene
cis-dihydroxylation when pyridine was added to the reaction solution.!®  These
phenomena are notable because the adduct formation causes the decrease of the electron-
transfer oxidation ability of OsO4 as mentioned above (Figure 3-3 and 3-S3). Thus, the
oxidation of xanthene by 1°A¢ and 1°B was further investigated kinetically to get further
insights into the reaction mechanism.

The time course of the absorption changes at 694 nm is shown in Figure 3-4(b).
The pseudo-first order rate constants (kobs) were then determined by the plots of In(A4)
against the reaction time as shown in Figure 3-4(b) (inset). Then, the plot of kobs against
the concentrations of xanthene gave a straight line (Figure 3-4(c)), from the slope of
which the second-order rate constant (k2) was determined as 9.7 x 102 M~ s7!.  The

reaction of 1°B% with xanthene were analyzed in the same way to get k> = 7.6 x 1072 M™!
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s7' at 70 °C, where K{°B? at 70 °C was also determined as 1.0 x 103> M~! by a similar
manner in the case of 194¢ (Figure 3-S7 and 3-S8).  Since 1°4¢ and 1°8* showed similar
reactivity, further kinetic studies were performed using 1°4¢,

The second-order rate constant k>° was determined as 1.0 x 102 M! s7! using
xanthene-d> (Figure 3-5 and 3-S9). Thus, the kinetic deuterium isotope effect (KIE =
k2M/k2P) was determined as 9.7, indicating that the C(sp?)—H bond cleavage of xanthene
is involved in the rate determining step. In addition to xanthene (BDEc-n = 75.0 kcal
mol™), oxidation of 9,10-dihydroanthracene (BDEc-u = 76.2 kcal mol™), fluorene
(BDEc-n = 80.0 kcal mol™), and 1,2,3,4-tetrahydronaphthalene (tetralin) (BDEc_n = 82.5
kcal mol™") were also investigated in the same manner (Figure 3-S10-S12), and the
normalized second-order rate constant (k>”) of each substrate was obtained by dividing

the observed second-order rate constant k> with the number of equivalent C(sp*)—H bond

3.0
xanthene-h,
b 201
i
o
2
L10¢F
xanthene-d,

0O 10 20 30 40 50 60
[xanthene-h, and -d,], mM

Figure 3-5. Plots of kobs against [xanthene-/5] and [xanthene-d>].

xanthene

log(ky)
0

fluorene

tetralin

74 76 78 80 82 84
BDEc_y, kcal/mol

Figure 3-6. Plot of log(k2") against BDEc_u for the oxidation of a series of substrates.
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in the substrate (Figure 3-S13).  Figure 3-6 shows the plot of log(k>’) against the BDEc-n
of the substrates. As clearly seen, there is a good linear correlation between them,
strongly supporting that the reaction involves the C—H bond cleavage in the rate-limiting
process.

Notably, the keto-products were obtained as the major products in the oxidation of
9,10-dihydroanthracene, fluorene and tetralin by 194¢ (Table 3-2). For instance,
anthraquinone was obtained in a 12% yield based on OsOs, which corresponds to a 96%
yield based on the oxidation equivalent, since anthraquinone is 8-electron oxidation
product (12% x 8 = 96%). The yields of fluorene and a-tetralone (four-electron
oxidation products) are 76 and 24% based on the oxidation equivalent, respectively. In
the oxidation of tetralin, some oxidation products besides a-tetralone were observed by
HPLC, however, they could not be identified.

To get insights into the oxidation mechanism, density functional theoretical (DFT)
calculations were performed. Except for A + radical species, which is the open-shell
singlet state, the ground state is the closed-shell singlet state. The calculated energy
diagram and optimized structures in each step are shown in Figure 3-7 and 3-S14,
respectively.  First, a reactant complex (RC) was generated between 194¢ and xanthene.

Then, hydrogen atom abstraction takes place by the oxido group at the axial position of

u A0
H
v

o)

O20s=o
S | -
€ o - H H 13.6 OAc ?H O
S [[vinn SOTS Y O VI
_Sc) o;oszo + O O 3-9 - 0 ,', | OZOS=O . O
57 | © RC 116 (l)A O
) OAc Pl ¢
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(&) \
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& 466 Os o

OAc O ©
B

Reaction coordinate
Figure 3-7. Computed energy diagrams for the oxidation of xanthene by 1°4¢ in the

singlet state.
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194¢ yiq a transition-state (TS) with an activation barrier of 13.6 kcal/mol to produce
hydroxido-osmium(VII) species A and a radical intermediate of the substrate. In the
final step, the radical carbon atom binds to one of the three equatorial oxido groups of A
with nearly barrierless in energy to form alkoxide product B (Figure 3-S15). The
formation of B from RC is an exothermic reaction of 46.6 kcal/mol. These computed
results indicated that the oxygen atom of the alcohol product is derived from one of the
oxido groups in 194¢,

In general, oxidation of 9,10-dihydroanthracene with metal-oxido complexes gives
anthracene as the major product, which is formed by hydrogen atom abstraction and
subsequent rapid aromatisation.>**®  On the other hand, the reaction of 9,10-
dihydroanthracene and 19A¢ only gave the oxygenated product, 9,10-anthraquinone
(Table 3-2).  Other substrates also gave the oxygenated products (Table 3-2). Thus, the
bond formation between one oxido group of A and the carbon radical intermediate,
generated by the initial hydrogen atom abstraction, may be much faster than the
aromatization process. Then, alcohol product was dissociated from the alkoxide adduct
B to give Os"! species such as [OsV(0)3;(OAc)]". The generated OsV! species may be
oxidized by remained [OsV'O4(OAc)] to give [OsV04]", OsV(0)3(OAc) and AcO™ as
experimentally detected as the final products (Figure 3-4(a) and Scheme 3-S1). On the
other hand, the alcohol products may be immediately oxidized by 1X to give the keto-

products.
Conclusions

In Chapter 3, the reactions of OsO4 with carboxylate anions (AcO~ and BzO") were
examined to investigate the anion coordination effects on the structure, physicochemical
properties and oxidation reactivity. The carboxylate anions formed stable 1 : 1 adducts
with OsOs, 1X with the formation constants of K°4° = 5.7 x 103> M ! and K{°B* = 5.4 x
10° M~!.  Structures of the 1 : 1 adduct 1¥ were determined by X-ray crystallographic
analysis as a slightly distorted trigonal bipyramid structure. The strong interaction
induces the negative shift of the redox potentials of 1°4¢ and 1°B* in the cyclic
voltammetric measurements. Nonetheless, these adducts showed a higher reactivity in
the oxidation of benzylic C(sp*)—H bonds compared to OsOys itself. Kinetics and DFT

calculation studies indicated that the reaction proceeds via hydrogen atom abstraction
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from the benzylic position of the substrate by the axial oxido group of 1°4¢ and
subsequent bond formation between carbon-center radical and one of the equatorial oxido

VII

ligands of OsY"—hydroxido species A to give alkoxido-adduct B (Figure 3-7). The
enhancement of the C(sp®)—H oxidation ability of OsOs can be attributed to the increase
of reactivity of the axial oxido group by strong anion coordination from trans-position,
as reflected with the elongation of Os(1)-O(1) bond length (1.71 A — 1.73 A) and red
shifts of vos-o stretches by carboxylate anion coordination to OsOs. These effects may
enhance the hydrogen atom abstraction. The subsequent radical rebound to one of the
oxido group at the equatorial position may also be enhanced by the structural distortion
from tetrahedron to trigonal bipyramid. Namely, the steric relation between the oxygen
atom of the oxido group in intermediate A and the carbon center radical may be favorable
to induce the oxygen rebound process and prevent the aromatization reaction. The
present studies give deeper insights into the [3+2] type alkane hydroxylation mechanism

by with the anion-adducts of OsOs.
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Supporting Information for Chapter 3
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Figure 3-S1. (a) UV-vis spectral changes observed in the titration of OsO4 (0.5 mM)
by BusNOBz in acetonitrile at 30 °C.  Inset: Plot of A4bs at 390 nm against [BusNOBZz].

(b) Plot of (4—40)/(4-—A) against [BusNOBz]o — a[OsO4]o.
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Figure 3-S2. FT-IR spectra of 194¢ (red) and 198 (blue) in a range from (a) 800 to 1000
cm! and (b) 500 to 4000 cm™.
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Figure 3-S3. Cyclic voltammograms of (a) OsOs, (b) 1°4¢, and (c) 1°B* in CH3CN
containing 0.1 M of BusNPFg as the electrolyte at 25 °C.  Conditions: [OsOs]o= 1.0 mM,
[BusNOAc] = 10 mM, [BusNOBz] = 10 mM, Scan rate = 100 mV/sec.
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Figure 3-S5. UV-vis spectrum of the authentic sample of [PPh4][Os"""04] in CH3CN.
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Table 3-S1.

OH

Figure 3-S6. ESI-MS of the resultant solution after the reaction of 1°A¢ with xanthene.

Oxidation of xanthene by OsQOs, 194¢, and 198 in CH3CN.
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Figure 3-S7. (a) UV-vis spectral change of 198 ([0sO4]o = 0.5 mM, [BusNOBz]y = 20
mM) observed upon addition of xanthene (5.0 mM) in CH3CN at 70 °C under N
atmosphere. (b) The time course of the growth of Os¥!! species monitored at 694 nm
([xanthene] = 5.0 mM). Inset: Plot of In(4» — A¢) against the reaction time. (c) Plot of

kobs against [xanthene].
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Figure 3-S8. (a) UV-vis spectral changes observed in the titration of OsO4 by BusNOBz
at 70 °C. Inset: A4bs at 390 nm. (b) Plot of (4—A40)(4-—A) against [BusNOBz]o —
a[OsO4]o according to equation (1) (Kt°B?= 1.0 x 10> M! at 70 °C in CH3CN).
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Figure 3-S9. (a) UV-vis spectral change of 194¢ ([0sO4]o = 1.0 mM, [NBusOAc]o = 20
mM) upon addition of xanthene-d> (40 mM) in CH3CN at 70 °C under N> atmosphere.
(b) The time course of the growth of Os¥!! species monitored at 694 nm ([xanthene-d>»] =
40 mM). Inset: Plot of In(4- — A;) against the reaction time. (c) The plot of kobs against

[xanthene-d-].

90



2.0

1.0

Absorbance

0.5}

300

400 500 600 700 800
Wavelength, nm

Figure 3-S10.

atmosphere.

([9,10-dihydroanthracene] = 10 mM).

1I0 20 30
[9,10-dihydroanthracene], mM

—~
O
-

o

o

=
T

o

o

@
T

Abs at 694 nm

o

o

rd
|3

o
o
[¥)
T
.

o,
M

1
0 1000
Time, s

1
2000

0
0

Time, s

1000 2000 3000 4000 5000

(a) UV—vis spectral change of 1°4¢ ([0sO4]o = 1.0 mM, [BusNOAc]o =
20 mM) upon addition of 9,10-dihydroanthracene (10 mM) in CH3CN at 70 °C under N>

(b) The time course of the growth of Os
Inset: Plot of In(A4. — A4¢) against the reaction time.

(c) The plot of kovs against [9,10-dihydroanthracene].

91

VII

species monitored at 694 nm



(@) 25 (b) 0.08
S L N
0.06 +
8 : af.
c 1.5 < ..
© o} 2
'g 58 0.04 |8 -4
©
2 1.0 <
g 8 £ 5t
05 < 0.02}, 3 .
: o 2000 4000
Time, s
O 1 1 1 O 1 1 1
400 500 600 700 800 0 2000 4000 6000 8000
Wavelength, nm Time, s
() o6
W 0.4
D
o
2
0.2
[
0

0 20 40 60
[fluorene], mM

Figure 3-S11. (a) UV-vis spectral change of 1°4¢ ([OsO4]o = 1.0 mM, [BusNOAc]y =
20 mM) upon addition of fluorene (50 mM) in CH3CN at 70 °C under N> atmosphere.
(b) The time course of the growth of Os¥!! species monitored at 694 nm ([fluorene] = 50
mM). Inset: Plot of In(4« — A) against the reaction time. (c) The plot of kovs against

[fluorene].
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Figure 3-S12. (a) UV-vis spectral change of 1°4¢ ([0OsO4]o = 1.0 mM, [BusNOAc]o =
20 mM) upon addition of tetralin (250 mM) in CH3CN at 70 °C under N> atmosphere.
(b) The time course of the growth of Os¥!! species monitored at 694 nm ([tetralin] = 250
mM). Inset: Plot of In(4« — A) against the reaction time. (c) The plot of kovs against

[tetralin].
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Figure 3-S13. The plot of kobs against the concentration of the substrates.

(a) Reactant complex (b) Transition state
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¢ i

Figure 3-S14. DFT-calculated 3D-structures of (a) reactant complex, (b) the transition

state, (c) intermediate A and substrate radical and (d) product B.
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Figure 3-S15. Energy plots of relaxed scan calculations as a function of C-O distance.
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Scheme 3-S1. A possible mechanism for the generation of Os*" products.
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Chapter 4
Alkane Oxidation with H20: Catalyzed by OsO4
Introduction

Selective alkane hydroxylation is an important process to obtain valuable alcohol
products in synthetic organic chemistry and industrial chemistry.! However,
transformation of the strong C(sp*)—H bond of alkanes into the C—OH bond requires harsh
conditions such as high temperature and high pressure. Under such conditions, over-
oxidation of alcohol products occurs because alcohols are more easily oxidized compared
to alkanes.  Thus, it is highly desired to develop an efficient catalytic alkane
hydroxylation system under mild conditions.

Metal oxides (MO,) have been employed as the oxidant in a variety oxidation

reaction.?”’

Among transition metal oxides, osmium tetroxide (OsOs) is single molecule
adopting the highest oxidation state of +VIII and symmetric tetrahedral structure. It has
long been known to catalyze cis-dihydroxylation of alkenes, where coordination of an
amine or pyridine to the osmium center is demonstrated to enhance the catalytic activity
(Scheme 4-1(a)).%'3  On the other hand, the osmium-hydroxide adduct ([OsO4(OH),]™),
generated in an aqueous alkaline solution, can oxidize H> molecule to generate
[0sV(0)2(OH)4]* (Scheme 4-1(b)).'® 7 However, structural characterization of the
hydroxide-adduct has yet to be accomplished.

In Chapter 2, the author has demonstrated that osmium-halide adducts ([OsO4(X)]",

X =Br, Cl, and F) show higher reactivity in the alcohol oxidation reaction compared

to OsOys itself (Scheme 4-1(c)).!® Regarding to the alkane hydroxylation reaction

alkene

(a) cis-dihydroxylation
o = H

2

O§A| i __———= (b) H, oxidative addition
N lcohol
\ﬂ» (c) alcohol oxidation

0~ |
L N\ alk
L = amines, pyridine akane (d) alkane hydroxylation

(OH),"~, halide ions
carboxylate ions

Scheme 4-1. Oxidation reactions with ligand-bound OsOj4 species ([OsO4(L)]") (n =0,
1, 2).
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((Scheme 4-1(d)), Mayer and co-workers reported that OsO4 can induce oxygenation
reaction of simple alkanes under an aqueous alkaline condition (pH = 12.1, at 85 °C for
7 days), where alkane substrates having a tertiary C—H bond (R3C—H) are oxidized to the
corresponding alcohols (R3C—-OH), whereas cyclic alkanes having secondary C—H bonds
(R2CH2) such as cyclohexane and cyclopentane are converted to the ring-opened
dicarboxylic acid derivatives.!” They also reported oxidation of methane to methanol

using an Os04/NalOs system in water.?”

Although mechanistic details of such alkane
oxygenation reactions have yet to be clarified, a hydroxide adduct of OsO4, [OsO4(OH)],
was proposed as an active oxidant in the alkane oxygenation reaction. The author also
revealed that the distinct carboxylate adducts of OsO4 ([OsO4(X)]", X™=AcO and BzO")
exhibit much higher reactivity in the C(sp*)—H bond activation reactions.?!  The author
herein demonstrates that environmentally benign oxidant H>O» can be employed as a re-

oxidant in a catalytic alkane oxidation by the OsOas/carboxylate system.
Experimental Section

General. The reagents and the solvents used in this study were commercial products of
the highest available purity and further purified by the standard methods, if necessary.??
UV-vis spectra were recorded on a Hewlett Packard 8453 photo diode array spectrometer
or a Jasco V-650 spectrometer. A 0.10 M acetonitrile stock solution of OsOs4 was
prepared by dissolving 1.0 g of OsO4 (3.93 mmol) in 39.3 mL of acetonitrile and stored
in a bottle with a screw cap. Gas chromatography (flame ionization detector (GC-FID))
measurements were performed on a Shimadzu GC-2010 equipped with GL Science
InertCapWAX capillary column (30 m % 0.25 mm), an AOC-20s auto sampler, and an
AOC-20i auto injector.

Oxidation of cyclohexane catalyzed by OsO4. All procedures of the catalytic
oxidation reactions were carried out under inert atmospheres (N2) unless otherwise noted.
The total volume of the reaction solution adjusted to 2.0 mL. The reaction was started
by adding H2O2 (2.4 mmol) to an CH3CN solution containing OsO4 (1.6 pmol) and
cyclohexane (2.4 mmol). The reaction conditions are shown in reaction scheme of Table
4-1. After quenching the reaction by passing the reaction mixture through a short
column of NH»-silica and treatment with excess amount of PPhs, products were analyzed

by using GC-FID. All peaks of interest were identified by comparing the retention times
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with those of the authentic samples. The products were quantified by comparing their
peak areas with that of an internal standard (nitrobenzene) using calibration curves
consisting of plots of molar ratio (moles of organic compound / moles of internal
standard) versus area ratio (area of organic compound / area of internal standard).
Reaction conditions: [OsO4] = 0.8 mM (1.6 umol / 2.0 mL), [H202] = [cyclohexane] =
1.2 mM (2.4 mmol /2.0 mL).

Coordinative anion effect on the oxidation reactivity of OsQ4. Before the catalytic
reaction, CH3CN solution of BusNOBz (80 mM, 100 pL, 8.0 umol) was added to 0.8 mM
of OsOs4 solution to generate osmium-benzoate adduct, [OsO4(OBz)], in situ. In this
case, the adduct is generated as >99% based on the formation constant determined in
Chapter 3.  After the generation of the adduct, the procedures of the catalytic oxidation
reactions in the presence of benzoate anion were the same with the oxidation reaction by

OsOyq itself as described above.

Synthesis of mesoporous silica SBA-1S(COOH). A carboxylate-functionalized
mesoporous silica (SBA-15(COOH)) was prepared by similar manners for the previously
reported one by Hikichi and co-workers.> 8.0 g of the surfactant Pluronic P123
(triblock copolymer EO20PO70EO20 where EO = poly(ethylene oxide) and PO =
poly(propylene oxide)) was placed in flask and then dissolved in 260 mL of water with
40 mL of conc. HCI solution (36 wt%) by stirring at 40 °C for 4 h. To the resulting
solution, 18.2 mL (81.3 mmol) of tetraethoxysilane (TEOS) and 640 mg (0.82 mmol) of
carboxyethylsilanetriol sodium salt (CES) were added. The mixture was stirred at 40 °C
for 20 h and subsequently heated at 90 °C for 24 h. Once cooled, the solid product was
filtered and washed with water and ethanol. The P123 surfactant was removed by
Soxhlet extraction with a mixture of 200 mL of water and 200 mL of ethanol over a 72 h
period. The resulting white solid was dried under vacuum to give 5.40 g of SBA-
15(COOH).

Synthesis of OsO4-immobilized mesoporous silica (Os-SBA-15(COOH)). SBA-
15(COOH) (500 mg) and 15% hexane solution of "BuLi (500 pL, 0.80 mmol) were mixed
in hexane (25 mL) and stirred for 2 h. The powder was collected by filtration and dried
in vacuo. An OsOj4 stock solution (0.10 M, 1.60 mL, 0.16 mmol) was added to the
treated SBA-15(COOH) (500 mg) in CH3CN (15 mL). The heterogeneous suspension
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changed in color from colorless to gray. The mixture was stirred at 30 °C for 24 h, and
then filtered to give gray powder (500.6 mg) and colorless filtrate. The presence of 0.20
umol of OsOy in the filtrate was determined by ¢ value of OsO4 at 304 nm (¢ = 1500 M~
cm™') with UV-vis spectrum, indicating that 159.8 (160 — 0.20) pmol of OsOs was used
in immobilization on the surface. Thus, the loaded OsO4 on SBA-15(COOL1) was 0.32
mmol/g (159.8 umol / 500.6 mg). The obtained Os-SBA-15(COOQOLi) (100 mg) was
treated with acetic acid (4.0 mL) in CH3CN (15 mL). After stirring for 5 min, the
protonated silica, Os-SBA-15(COOH), was collected by filtration. UV-vis analysis of
the filtrate showed the absence of OsOs, indicating no elution of OsO4 during the AcOH

treatment.

Oxidation of cyclohexane catalyzed by OsOs-immobilized silica (Os-
SBA15(COOH)). The amount of Os-SBA-15(COOH) used in the reaction was
determined by loading amount of OsO4 determined above. To obtain 0.8 pmol of OsO4
in the silica, 2.53 mg of Os-SBA-15(COOH) was employed (0.32 mmol/g x 2.53 mg =
0.80 umol). The total volume of the reaction solution is 1.0 mL, which is a half
compared to the homogeneous system. The procedures of the catalytic oxidation
reaction by Os-SBA-15(COOH) were almost the same with the oxidation reaction by
Os0g itself as described above. Reaction conditions: [OsO4 (in Os-SBA-15)] = 0.8
umol / 1.0 mL, [H20] = [cyclohexane] = 1.2 M (1.2 mmol / 1.0 mL) in CH3CN.
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Results and Discussion

First of all, oxidation of cyclohexane with H>O» in the presence of a catalytic amount
of OsO4 was examined at 30 °C in CH3CN under N (Table 4-1).  After 3 h, the reaction
mixture was directly analyzed by GC-FID to show the formation of cyclohexanol (A) and
cyclohexanone (K) in 25.6 and 32.0 pumol, respectively (entry 1). When the post
reaction mixture was treated with PPh; before the GC-FID analysis, the product
distribution differed significantly to give A as the major product (91.2 mmol) together
with a small amount of K (3.2 mmol) (entry 2). These results indicated that the primary
product was cyclohexyl hydroperoxide (P), and A and K were generated from P during
the GC-FID analysis in entry 1.2* It is well known that the treatment of P with PPh;
gives A selectively.?2® A blank experiment without OsO4 or H2O; didn’t produce any
oxidation products, confirming that both reagents are essential for the catalytic reaction
(entries 3 and 4). The remaining H>O: in the final reaction solution was determined as
83% by a titration experiment using 13-,%” which confirmed that 17% (0.41 mmol) of the
added H»O, was consumed during the reaction (Figure 4-S1). This means that the
oxidant efficiency is 24% and the rest of H>O> decomposed to H>O and O; as a side
reaction (catalase reaction).?®2°  The advantages of the present reaction compared to the

Mayer’s OsO4/NalO4 system are as follows.! (1) Environmentally benign H>O», can

Table 4-1. Oxidation of cyclohexane with HzOz by OsOs.

0s0O, (1.6 umol)
H202 (2 4 mmOI
under N, in CH3CN

(2.4 mmol) at30°C for 3 h

(Total: 2.0 mL)
PPh3
Product, mM (umoD)®)  Ajcohol selctivity

Entry AK

A K (A/K)
1 12.8 (25.6) 16.0(32.0) 0.8
201 456(91.2) 1.6(3.2) 29
3lel n.d. n.d. —
4ld] n.d. n.d. —

[a] Oxidation products were determined by GC-FID.
[b] PPhs was added after the reaction (before GC-FID
analysis). [c] without OsO4. [d] without H>O».
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be used as a re-oxidant instead of NalOs. (2) A is selectively obtained from P by the
easy work-up treatment using PPhs. (3) The reaction conditions are significantly milder
(85 °C, 7 days vs. 30 °C, 3 hours).

To see the effect of O, generated by the decomposition of H>O, on the current
catalytic reaction, a reaction was carried out under continuous N2 bubbling conditions.
Exclusion of generated O; from the reaction vessel resulted in a significant decrease of
A/K ratio from 28.5 (91.2 pmol /3.2 pmol) to 5.6 (11.2 mmol /2.0 mmol) even after the
PPh;s treatment, indicating that oxygen atom of A is derived from O» generated from H>O».
The catalytic reaction conducted under air gave almost the same results as those shown
in entry 2 [A: 44.2 mM (88.4 umol), K: 2.6 mM (5.2 umol)]. Furthermore, addition of
trichlorobromomethane (CCl3Br) as a radical trap reagent**3? in the catalytic reaction
under the same condition of entry 2 gave bromocyclohexane (17.6 umol) together with
A (1.6 pumol) and K (3.2 pumol). Formation of bromocyclohexane clearly indicated
generation of cyclohexyl radical intermediate (CsH11¢) via hydrogen atom abstraction by
an active oxidant derived from OsO4 as shown in Scheme 4-2. The generated radical
intermediate is trapped by CCI:Br to give bromocyclohexane. Under the general
reaction conditions (entry 1), CeHii* rapidly reacts with O at a rate of ~10° M~ s7! to
generate cyclohexyl peroxyl radical species (C¢H1100¢) (Scheme 4-2).* Hydrogen
atom abstraction by CsH11OO¢ from a hydrogen atom donor reagent generates cyclohexyl
hydroperoxide P. Judging from the bond dissociation energy of the C—H bond of
cyclohexane (BDEc-u = 99.5 kcal/mol) and that of the O—H bond of H,O> (BDEo-n =
87.5 kcal/mol),** H>O> is more likely as the hydrogen atom donor rather than cyclohexane

(Scheme 4-2). Hydroperoxyl radical (HOQOe¢) thus generated may disproportionate to

Os0,-derived
oxidant 02 H202
Hydrogen

Atom

Abstraction lcussr HOO- PPh3

Br OH

S O

Scheme 4-2. Possible reaction mechanism of the oxidation of cyclohexane.
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H>0; and O (catalase reaction).>> As mentioned above, P is converted to A by the
workup treatment using PPhs. In the present catalytic oxidation reaction, other
hydroperoxides such as fert-butyl and cumene hydroperoxide did not work at all (Table
4-S1).

In Chapter 3, the author has found that a carboxylate adduct of OsO4 such as
[OsO4(OBz)]” (OBz = benzoate) exhibits a higher reactivity compared to OsOj itself in
C(sp®)-H bond activation reaction.?!  Thus, the author next examined the effect of
carboxylate anion in the present catalytic reaction. In Figure 4-1 is shown the time
courses of product formation in the presence (red line) and the absence (black line) of
BuwNOBz. As clearly seen, the oxidation rate is significantly accelerated upon the
addition of benzoate anion by 14 times (vVobs = 0.88 mM/min — 12.4 mM/min). In
Chapter 3, the author also demonstrated that the acetate adduct [OsO4(OAc)]™ can induce
direct activation of benzylic C—H bonds (BDE is less than 82.5 kcal/mol) to give
oxygenated products.’’ However, the author could not observe direct oxidation of
cyclohexane (BDEc-u = 99.5 kcal/mol) by [OsO4(OBz)] under the reaction conditions
employed here. Thus, clarification of the real active oxidant needs to further

investigations.

40
0sO,4 + BzO~
30
=
S
Q 20
©
o
o
10
OSO4
0 n 1 . 1 M
0 2 4 6

Reaction time, min
Figure 4-1. Time courses of product formation (A + 2K obtained after PPh; treatment)
at the initial stage of the oxidation of cyclohexane (2.4 mmol) with H>0O2 (2.4 mmol) and
0s04 (1.6 mmol) in the absence (black) and the presence of BzO~ (8.0 umol, red) in
CH;CN at 30 °C.
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SBA-15(COOH) Os-SBA-15(COOLi) Os-SBA-15(COOH)
Scheme 4-3. Synthesis of OsOs-immoblized mesoporous silica (Os-SBA-15(COOH)).

Taking advantage of the enhancement of catalytic activity of OsOs by benzoate
addition, the author developed a heterogeneous catalyst by immobilizing OsO4 on SBA-
15(COOH) mesoporous silica containing carboxylic acid functional groups on the
surface’®3® according to a procedure illustrated in Scheme 4-3.  Thus, OsOs is
immobilized on the silica surface by reacting with the silica pretreated with "BuLi. Then,
the Os-SBA-15(COOLI1) is washed with acetic acid to protonate the remained hydroxylate
groups. The detail synthetic procedures are described in Experimental Section.
Immobilization of OsO4 onto the surface through the carboxylate-Os bond was confirmed
by the reflectant spectrum, where a characteristic absorption band due to [OsO4(OCOR)]~
species appeared as shown in Figure 4-2.  Since the band around 303 nm is characteristic
of the electronic spectrum of the isolated [OsO4(OBz)]™ but not of OsOy itself (Inset of
Figure 4-2), appearance of the band indicates that OsO4 was immobilized on SBA-
15(COOH) through the coordination with the carboxylate functional group.?! ~ The broad

peak around 520 nm may be due to a Os¥!! and/or Os"! species generated by reduction of

N
=

310

-
(6]

303

Absorbance
o

o
&)
T

300 400 500 600
Wavelength, nm

Kubelka-Munk unit

520

300 400 500 600
Wavelength, nm
Figure 4-2. UV-vis reflection spectra of Os-SBA-15(COOH). Inset: UV-vis spectra

of OsO4 (black) and [OsO4(OBz)] (red) in CH3CN.
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OsYMQy during the preparation process.!® **  The amount of the loaded OsO4 on the
surfaces was estimated by dividing the amounts of OsO4 used in immobilization by
weight of the obtained powders (see Experimental Section).

The catalytic activity of the OsO4-immobilized silica (Os-SBA-15(COOH)) in the
oxidation of cyclohexane with H,O> was examined. In this reaction, 2.53 mg of Os-
SBA-15(COOH) was employed, so that the amount of OsO4 was 0.8 pmol (0.32 mmol/g
x 2.53 mg = 0.8 umol). In Figure 4-3 are shown the time courses of the product
formation for the cyclohexane oxidation with H>O; using (a) OsOs4, (b) OsO4-OBz, and
(c) Os-SBA-15(COOH) as the catalyst. As mentioned above (Figure 4-1), the initial
rate of the OsO4-OBz system was much higher than that of OsO4 only system. However,
in the former reaction with OsO4-OBz, the catalytic reaction stopped after about 1 h.
This is due to consumption of all H2O> added. Namely, OsO4-OBz also enhance the
catalase reaction (decomposition of H>O; to H>O and O;). On the other hand, such a
catalase activity was significantly depressed in the case of Os-SBA-15(COOH) and the
reaction proceeded continuously even after 6 h, so that the amount of product (204.8 mM)

was much higher than those of other systems.

250

200

—_
0
o

Product, mM
1)
o

Reaction time, h

Figure 4-3. Time courses of product formation in the oxidation of cyclohexane (1.2
mM) with H>0: (1.2 mM) catalyzed by (a) OsO4 (0.8 mM), (b) OsO4-OBz (0.8 mM), and
(c) Os-SBA-15(COOH) (0.8 mM) in CH3CN at 30 °C.
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Conclusions

In Chapter 4, oxidation of cyclohexane with H>O; catalyzed by OsO4 and its
carboxylate adducts was examined. Cyclohexyl hydroperoxide (P) was selectively
obtained, which was converted to cyclohexanol (A) by the workup treatment using PPhs.
The catalytic reactivity was significantly enhanced by the addition of benzoate anion.
This result suggests that osmium-benzoate adduct has higher oxidation ability than OsO4
itself toward catalytic alkane oxidation as observed in Chapter 3.>! Furthermore, an
0s0s-immobilized heterogeneous catalyst was developed by immobilizing OsO4 on the
mesoporous silica, SBA-15(COOH), through the coordination of the carboxylate
functional groups on the surface. The Os-immobilized catalyst showed good catalytic
performance compared to OsO4 and its benzoate adduct. Namely, immobilization of
0OsO4 on coordinative ligand on the solid surface was found to be effective for
enhancement of the catalytic activity of OsO4 and depression of the catalase activity.
This is the first example of the efficient alkane oxidation system with using
environmentally benign oxidant H>O> and the carboxylate adducts of OsOy4 as the catalyst.

Mechanistic details are now under investigation to improve the catalytic efficiency.
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Supporting Information for Chapter 4

1 1

0 05 1 15 2 25 3

0 L 1

Reaction time, h
Figure 4-S1. Time courses of the amounts of H,O> remained (black) and the oxidation

products generated (red).

Table 4-S1. Activity comparison of peroxides as re-oxidant in cyclohexane oxidation

catalyzed by OsOa.

OOH OH
050, (1.6 pmol) 0
Oxidant (2.4 mmol)
> + +
under N, in CH3CN
P A K
\_/

(2.4 mmol)  at30°Cfor3h
(Total: 2.0 mL)

PPhg
Oxidant Product, mM (umoD)!?!  Alcohol selctivity
n " (A/K)
%o 456012 16332 29
XO _OH trace trace —
_OH
o trace trace —

[a] Oxidation products were determined by GC-FID.
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General Conclusion

In this thesis, the author describes his studies on controlling of oxidation reactivity
of an osmium complex supported by an N4-tetradentate ligand and osmium tetroxide
(Os04) coordinated by an anionic external ligand. In particular, the author focuses his
attention on supporting ligand effects on the structure and reactivity of the reactive
intermediates of alkene cis-dihydroxylation and cis-aminohydroxylation reactions and on
the effects of valent and structural changes of OsO4 on its oxidation reactivity in the
presence of the anionic ligands. Moreover, the author develops an efficient OsO4-
catalyzed alkane oxidation system using mild H,O, oxidant. The results and findings in
this work are summarized as follows.

In Chapter 1, the author has demonstrated that an osmium(III) complex derived from
0OsO4 and an N4-tetradentate ligand catalyzes selective cis-dihydroxylation and cis-
aminohydroxylation of alkenes. The reactive intermediates in these reactions are
successfully isolated and the ligand effects are explored in detail.

In Chapter 2, halide-adducts of OsO4 have been synthesized and their structures have
been determined by X-ray crystallographic analysis. These adducts have been found to
show higher oxidation reactivity in alcohol oxidation compared to OsOjs itself.
Enhancement of the reactivity of OsOys is discussed based on the results of kinetic analysis
and DFT calculations.

In Chapter 3, reactivity of the carboxylate adducts of OsO4 toward C(sp?)-H bond
activation has been investigated. Based on the kinetic and computational studies, the
author proposes a new mechanism where an oxido group in the axial position in the
adduct works as a hydrogen atom abstractor and another oxido group in the equatorial
position works an oxygen source in the oxidation of the substrates.

Finally, in Chapter 4, oxidation of cyclohexane with H,O, catalyzed by OsOs4 has
been examined. The corresponding alcohol was selectively obtained after the PPhs
treatment. Enhancement of the catalytic activity of OsO4 by adding the anionic ligands
has also been demonstrated. This strategy has been adopted to the development of
heterogeneous catalysts. Combining OsOs and carboxylate containing mesoporous
silica provided efficient catalysts for the catalytic alkane oxidation.

These new findings described in this thesis add new insights into the chemistry of
0504 and greatly contribute to the development of efficient catalytic oxidation reactions

using OsOs.

109



List of Publications

1.  Oxido-Hydroxido- and Oxido-Aminato-Osmium(V) Complexes with a
Cyclohexanediamine-Based Tetradentate Ligand as Active Oxidants for
Dihydroxylation and Aminohydroxylation of Alkenes
Tomohiro Fujimoto, Hideki Sugimoto, Kenichiro Kai, Kazuki Maeda, and Shinobu
Itoh.

Eur. J. Inorg. Chem., 2019, 2891-2898.

2. Halide-Adducts of OsOs4. Structure and Reactivity in Alcohol-Oxidation

Tomohiro Fujimoto, Yuka Hirata, Hideki Sugimoto, Mayuko Miyanishi, Yoshihito
Shiota, Kazunari Yoshizawa, and Shinobu Itoh

Bull. Chem. Soc. Jpn., 2022, 95, 64-72.

3. C(sp?)-H bond activation by the carboxylate-adduct of osmium tetroxide (OsOx)
Tomohiro Fujimoto, Yuka Hirata, Hideki Sugimoto, Mayuko Miyanishi, Yoshihito

Shiota, Kazunari Yoshizawa, and Shinobu Itoh
Dalton Trans., 2022, 51, 1123-1130.

4.  Alkane Oxidation with H»>O, Catalyzed by OsOs-carboxylate Adduct and Its
Application to Heterogeneous Catalyst
Tomohiro Fujimoto, Yuta Ueda, Hideki Sugimoto, Jun Nakazawa, Shiro Hikichi,
and Shinobu Itoh
Chem. Lett., in press (doi:10.1246/cl.210751).

110



Acknowledgement

The studies presented in this thesis have been carried out under the guidance of
Professor Shinobu Itoh at Osaka University during 2016-2022.

The author would like to express his gratitude to Professor Shinobu Itoh for kind
guidance, invaluable suggestions, and encouragement throughout his study.

His gratitude also goes to Associate Professor Hideki Sugimoto and Dr. Yuma
Morimoto for their excellent suggestions and continuous encouragement throughout his
study.

The author goes to special thanks to Professor Kazunari Yoshizawa and Associate
Professor Yoshihito Shiota for their cooperation on DFT calculation in Chapter 2 and 3.

The author is also deeply grateful to Professor Shiro Hikichi and Associate Professor
Jun Nakazawa for their cooperation on mesoporous silica (SBA-15) in Chapter 4.

Similarly, the author deeply appreciates Mr. Yuta Ueda for his considerable
cooperation on the experiments in Chapter 4.

The author thanks all techniques in Analytical Division, Graduate School of
Engineering, Osaka University for NMR, Mass Spectroscopy, and Elemental Analysis.

Special thanks to all the members of Bio-Functional Chemistry (BFC) laboratory for
their help, valuable suggestions, useful discussions, and friendship.

The author acknowledges financial support from Japan Society for the Promotion of
Science (JSPS Research Fellowships for Young Scientists).

Finally, the author acknowledges continuous encouragement and support given by

his friends and family, Naoko Fujimoto, Hiroko Fujimoto, and Daichi Fujimoto.

Osaka, Japan
January, 2022

ometins
Tomohiro Fujimoto <k ' (%KA/MW

Department of Material and Life Science
Division of Advanced Science and Biotechnology
Graduate School of Engineering

Osaka University

111



