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Abstract 

The objective of this project is to develop efficient methods for selective 

C-H bond oxidation by supramolecular control. This work focuses to (1) develop 

an efficient protocol for C-H bond oxidation by dioxiranes generated in situ, (2) 

study the effect of cyclodextrins on site-selective C-H bond oxidation of aliphatic 

esters containing multiple tertiary C-H bonds, and (3) investigate the effect of 

cyclodextrins on selective C-H bond oxidation of hydrocarbon mixtures.  

Using adamantane as substrate, the reaction conditions for C-H bond 

oxidation by dioxiranes generated in situ was optimized. The optimized C-H 

bond oxidation reaction was carried out by stirring 0.1 mmol of adamantane and 

0.1 mmol of 1,1,1-trifluoroacetone in a mixture of water (1 mL) and acetonitrile 

(1.5 mL) at 25 C, followed by three additions of 0.5 mmol of Oxone and 1.55 

mmol of NaHCO3 at 0 h, 2 h and 4 h. On the basis of 1H NMR analysis of the 

crude reaction mixture, the ratio of adamantane to 1-adamantanol to 

1,3-adamantandiol was found to be 7 : 50 : 43.  

Site-selective oxidation of unactivated tertiary C-H bonds on aliphatic esters 

was achieved by supramolecular approach using cyclodextrins. Using 

3,7-dimethyl octyl benzenoate as the substrate, the reaction was performed by 

stirring 0.2 mmol of substrate, 0.2 mmol of 1,1,1-trifluoroacetone, and 0.22 
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mmol of β-cyclodextrin in water at 25 C, followed by eight additions of 0.5 

mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 

7 h. 3,7-Dimethyl octyl benzenoate was oxidized to 7-hydroxy-3,7-dimethyl 

octyl benzenoate and 3-hydroxy-3,7-dimethyl octyl benzenoate with 71% total 

yield based on 40% conversion (no reaction occurred without β-cyclodextrin). 

The product ratio of 7-hydroxy-3,7-dimethyl octyl benzenoate to 

3-hydroxy-3,7-dimethyl octyl benzenoate was found to be 20 : 1, as determined 

by 1H NMR analysis of the crude reaction mixture. This product ratio (20 : 1) 

was almost three-fold higher than the product ratio (7 : 1) given by the reaction 

carried out in a mixture of water and acetonitrile without β-cyclodextrin. By 1H 

NMR titration experiments, 3,7-dimethyl octyl benzenoate was found to form 

inclusion complex with β-cyclodextrin in water with an 1 : 1 stoichiometry. The 

product ratio varied from 14 : 1 to 5 : 1 when the benzenoate moiety of the ester 

was changed to 4-tert-butylbenzenoate, pivalate and acetate. By 2D ROESY 1H 

NMR analysis, the difference in the product ratios could be attributed to the 

different binding geometries of the substrates to β-cyclodextrin. 

β-Cyclodextrin was found to achieve selective C-H oxidation of 

hydrocarbon mixtures in water. In the presence of β-cyclodextrin, the 

dioxirane-based oxidation of cumene was more favored to ethylbenzene with a 
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product ratio of cumyl alcohol : acetophenone = 8 : 1 while the reaction 

conducted in the absence of β-cyclodextrin gave cumyl alcohol and 

acetophenone in a ratio of 2 : 1.  
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Chapter 1  

Introduction 

 

1.1 Introduction  

Organic synthesis is of fundamental importance in everyday life. Drugs for 

preventing or curing diseases, pesticides, insecticides, dyes, cosmetics, polymers 

and fabrics, the manufacture of them all involves organic synthesis. The goal of 

organic synthesis is to produce desirable products from readily available starting 

materials and reagents in the most efficient way. During the planning of synthetic 

scheme, the number of steps is an important issue needed to be considered. It 

affects the feasibility and practicality in organic synthesis, involves the input of 

materials and manpower, and determines the amount of byproducts and wastes to 

be handled.  

Functional group transformation is a major means in traditional organic 

synthesis. To obtain desirable products, numerous steps are usually required, 

which is not step-economical.1 Moreover, over-dependence on existing synthetic 

strategies and methods for functional group transformation severely limits the 

diversity of synthetic targets. To broaden the scope of organic synthesis with 

reduction of steps, development of new synthetic approaches is of urgent need.  
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In general, C-H bonds are not regarded as functional groups in organic 

synthesis. This is attributed to the intrinsic properties of C-H bonds. Based on 

Pauling’s scale,2 the electronegativity difference of carbon (2.5) and hydrogen 

(2.1) atoms is 0.4. Due to this small electronegativity difference, the dipole 

moment of the C-H bonds is rather small, and the C-H bonds are regarded as 

nonpolar. Due to this nonpolar property, C-H bonds are not reactive towards 

electrophilic and nucleophilic attack. Besides, the average bond energy of a C-H 

single bond is about 101 kcal/mol,3 and the energy requirements for both homo- 

and heterolytic cleavage are significantly high. In addition, the large 

HOMO-LUMO gap, extremely high pKa value, low electron affinity and high 

ionization energy contribute to the difficulties for C-H bond activation.4 Based 

on the properties mentioned above, C-H bonds are not easy to be activated by 

ordinary redox or acid-base reactions.  

After decades’ effort on understanding the basis of C-H bond activation, 

different approaches for C-H bond activation have been developed.5 By selective 

activation of C-H bonds, functional groups can be strategically incorporated at 

the desired positions of hydrocarbons, providing an efficient way for the 

synthesis of structurally diverse organic molecules.  
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1.2 Current Methods for C-H Bond Oxidation 

C-H bonds are ubiquitous in organic molecules. Selective oxidation of 

unactivated C-H bonds remains a great challenge in contemporary organic 

synthesis. In general, the selectivity of C-H bond oxidation is mainly governed 

by electronic,6 steric,7 and substrate-based directing8 factors.  

 

1.2.1 Electronic Effect 

Based on electronic effect, C-H bonds proximal to electron-donating groups 

are more reactive toward electrophilic oxidation, whereas C-H bonds proximal to 

electron-withdrawing groups are less reactive toward electrophilic oxidation.  

White and co-workers6b utilized synthetic iron-based catalysts to perform 

oxidation of 3,7-dimethyloctyl acetate (Scheme 1.1). The reaction was carried 

out by stirring the substrate in CH3CN at room temperature, followed by three 

additions of 5 mol% of catalyst, 50 mol% of AcOH and 1.2 equivalent of H2O2. 

The reaction gave 7-hydroxy-3,7-dimethyloctyl acetate and 

3-hydroxy-3,7-dimethyloctyl acetate in 43% total isolated yield. The product 

ratio of 7-hydroxy-3,7-dimethyloctyl acetate to 3-hydroxy-3,7-dimethyloctyl 

acetate was 5 : 1. Proposed by White, the preferred hydroxylation of the terminal 

C-H bond would be due to the electronic deactivation of the internal C-H bond 
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by electron-withdrawing groups towards oxidation.  

 

OAc

H H

Fe
N

N NCCH3

NCCH3

N

N

OAc
H H

(SbF6)2

OAc
HO H

OAc

HO H

OAc
H HO

OAc

H HO

Iron-based catalyst (5 mol%)
          AcOH (50 mol%)
          H2O2 (1.2 equiv.)

CH3CN, r.t., 30 min

          5   :   1  
(isolated yield: 43%)

         29   :   1  
(isolated yield: 49%)

Iron-based catalyst

Terminal Internal

3,7-dimethyloctyl 
acetate

2,6-dimethylheptyl 
acetate

Terminal Internal

7-hydroxy-
3,7-dimethyloctyl 

acetate

3-hydroxy-
3,7-dimethyloctyl 

acetate

6-hydroxy-
2,6-dimethylheptyl 

acetate

2-hydroxy-
2,6-dimethylheptyl

acetate

+

+

3 x

OAc group two-bond away
from internal C-H bond

OAc group one-bond away
from internal C-H bond

Iron-based catalyst (5 mol%)
          AcOH (50 mol%)
          H2O2 (1.2 equiv.)

CH3CN, r.t., 30 min

3 x

Scheme 1.1 Catalytic C-H bond oxidation of aliphatic ester by H2O2 with 

iron-based catalyst reported by White. 
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Using the same catalyst and reaction conditions, 2,6-dimethyl heptyl acetate 

was oxidized to 6-hydroxy-2,6-dimethyl heptyl acetate and  

2-hydroxy-2,6-dimethyl heptyl acetate in 49% total isolated yield with a product 

ratio of 29 : 1. The site selectivity of C-H bond oxidation of 2,6-dimethyl heptyl 

acetate was higher than that of 3,7-dimethyloctyl acetate. It is likely because the 

electron-withdrawing effect given by the acetate group one-bond away from the 

internal C-H bond in 2,6-dimethyl heptyl acetate is stronger than that given by 

the acetate group two-bond away from the internal C-H bond in 

3,7-dimethyloctyl acetate.  

 Du Bois and co-workers6d used pentafluorophenyl (PFP)-substituted 

benzoxathiazine as catalyst to carry out oxaziridine-based C-H bond oxidation of 

3,7-dimethyloctyl benzenoate. The reaction was performed by stirring a mixture 

of the substrate, 20 mol% of benzoxathiazine catalyst, 8 equivalent of 50% H2O2 

in 0.25 M 1 : 1 AcOH/H2O at 50 C for 48 h. The reaction gave 

7-hydroxy-3,7-dimethyloctyl benzenoate in 70% yield (Scheme 1.2). As 

indicated in the paper by Du Bois, the catalyst was sensitive to the electronic 

property of the C-H bond, leading to the exclusive oxidation of the tertiary C-H 

bond most distant from the electron-withdrawing OBz group. 
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OBz

H H

N

S

O O

O

F3C

F
F

F

F
F

Catalyst 1, PFP-substituted benzoxathiazine

 Catalyst 1 (20 mol%) 
0.25 M 1:1 AcOH/H2O

50% H2O2 (8 equiv.) 50 oC, 48 h

Terminal Internal

yield: 70 %
OBz

HO H

 

Scheme 1.2 C-H bond oxidation of aliphatic ester catalyzed by PFP-substituted 

benzoxathiazine. 

 

1.2.2 Steric Effect 

 White and co-workers6b used the synthetic iron-based catalyst mentioned 

above to conduct oxidation of 1-menthyl acetate (Scheme 1.3). The reaction was 

carried out by stirring the substrate in CH3CN at room temperature, followed by 

three additions of 5 mol% of catalyst, 50 mol% of AcOH and 1.2 equivalent of 

H2O2 at room temperature. 1α-Hydroxy-1-menthyl acetate and 

8-hydroxy-1-menthyl acetate were produced in 50% total yield with the product 

ratio of 11 : 1, respectively. Indicated in the paper by White, the electron density 

of the two tertiary C-H bonds of C-1 and C-8 are similar, and the levels of 

oxidation at these sites are expected to be comparable. Reported by White, the 

unfavorable steric environment of C-8 induced by the acetate group makes the 
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C-H bond oxidation at C-8 less accessible. As a result, the C-H bond at C-1 is 

preferentially oxidized. Therefore, 1α-hydroxy-1-menthyl acetate is the major 

product while 8- hydroxy-1-menthyl acetate is the minor product.  

 

 α

H

OAcH

OH

OAcH

C1

C8

H

OAcOH

1-menthyl acetate 1  -hydroxy-
1-menthyl acetate

8-hydroxy-
1-menthyl acetate

+
C1

C8

Fe

N

N NCCH3

NCCH3

N

N

(SbF6)2

Iron-based catalyst

Iron-based catalyst (5 mol%)
AcOH (50 mol%)
H2O2 (1.2 equiv.)

CH3CN, r.t., 30 min

3 x

          11   :   1  
(isolated yield: 50%)

 

Scheme 1.3 Catalytic C-H bond oxidation of 1-menthyl acetate. 
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1.2.3 Substrate-Directing Effect 

 Apart from electronic and steric effects, selective C-H bond activation can 

be achieved by substrate-directing effect.8a According to a paper on 1,3-diol 

synthesis reported by Baran, a N-bromocarbamate moiety is directed to the 

terminal tertiary C-H bond for C-H bond bromination (Scheme 1.4). The reaction 

was carried out by adding trifluorotoluene (0.05 M) and 1 equivalent of 

tetrabromomethane into a solution of N-bromocarbamate, followed by irritating 

the reaction mixture by a UV lamp until TLC showed that N-bromocarbamate 

was completely consumed. The terminal tertiary C-H bond was found to be 

brominated.  

 

O N
Br

CF3O

H

OH

O N
H

CF3O

Br

OH OH

69% isolated  yield overall

2,6-dimethyl-heptan-1,3-diol

PhCF3 (0.05 M), CBr4 (1 equiv.), hv, 23 oC

2,6-dimethyl-4-heptanol

Directed C-H bond bromination

i. CF3CH2NCO (1 equiv.), 

   Pyridine (1 equiv.), DCM, 23 oC

ii. CH3CO2Br (1 equiv.), DCM, 0 oC

i. Ag2CO3 (1.25 equiv.), 

   DCM, 23 oC, then AcOH;

ii. K2CO3 (5 equiv.),   

    MeOH, 23 oC

N-bromocarbamate

 

Scheme 1.4 Directed bromination of C-H bond reported by Baran. 
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Yang and co-workers8b,c,d reported a novel method for regioselective 

intramolecular oxidation of unactivated C-H bonds at the δ site of ketones based 

on substrate-based directing effect. 5-Cyclohexyl-1,1,1-trifluoropentan-2-one 

was used as substrate (Scheme 1.5). The reaction was performed by stirring 0.01 

M solution of the substrate in a 1.5 : 1 mixture of CH3CN and aqueous Na2EDTA 

solution (4 × 10-4 M) with 5 equivalent of Oxone and 15.5 equivalent of 

NaHCO3 at room temperature for 24 h. The reaction gave hemiketal as the 

product in 87% isolated yield. The secondary C-H bond at the δ site was 

selectively oxidized by in situ generated dioxirane although the tertiary C-H 

bond was present. As indicated in this article, the unusual regioselectivity 

(δ-selectivity) suggests that the nature of this oxidation is nonradical. Proposed 

by Yang, the mechanism of hemiketal formation is that a δ-hydroxyl ketone 

generated by the oxidation of δ C-H bond forms hemiketal by cyclization.  

 

CF3

O
H

H

CF3

OH O
H

CF3

OH

H

+

trans : cis = 4.8 : 1

O

Oxone/NaHCO3

CH3CN/H2O, r.t., 24h

(Isolated yield = 87%)

ketone linked to 
hydrocarbon skeleton

hemiketal

 γ 

 δ 

Scheme 1.5 Directed Regioselective C-H bond oxidation by dioxirane generated 

in situ. 
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1.3 Dioxiranes 

 Conventionally, C-H bond oxidation is achieved by using oxidants 

containing transition metals, such as chromium and manganese. The waste 

generated from reaction with transition metals is toxic and harmful to the 

environment. Given the environmental problem caused by transition metals, the 

organic oxidants, such as dioxiranes are good alternative for green organic 

oxidation.9 In this project, dioxiranes were used as the oxidant for C-H bond 

oxidation.  

 Dioxiranes are three-membered ring peroxides. They can be generated by 

the reaction of ketones and Oxone (a mix salt of 2KHSO5, KHSO4 and K2SO4)
10 

and have been widely used in heteroatom oxidation, epoxidation, and C-H bond 

oxidation. Dioxiranes can be used in isolated form or generated in situ.  

 

R R'

O HO O SO3
-

R R'

HO O O SO3
-

-SO4
2-

R R'

O O

Ketones Dioxiranes  

Scheme 1.6 Generation of dioxiranes from ketones. 

 

In 1986, Murray and co-workers gave the first example of C-H bond 

oxidation of a variety of hydrocarbons using dimethyldioxirane as oxidant.12 



11 
 

They have successfully utilized a solution of dimethyldioxirane in acetone (25 

mL, 0.025 M) to oxidize adamantane (2.35 mmol) to 1-adamantanol in 87% 

yield with 2-adamantanone in 2.6% yield in 18 h at 22 oC. This reaction 

demonstrated the notable efficiency of dioxiranes as oxidant for C-H bond 

oxidation.  

 

H3C CH3

O O

H3C CF3

O O

Dimethyldioxirane Methyl (trifluoromethyl) dioxirane  

Figure 1.1 Two commonly used dioxiranes for organic oxidation. 

 

In 1989, Curci and co-workers studied C-H bond oxidation of a variety of 

hydrocarbons by methyl (trifluoromethyl) dioxirane.13a The C-H bond oxidation 

by methyl (trifluoromethyl) dioxirane was carried out by mixing the dioxirane in 

TFP (0.7 mL, 0.63 M) with 0.08 M hydrocarbon in 7 mL of dichloromethane at 

-20 oC. With adamantane as substrate, the reaction gave 1-adamantanol in 94% 

yield, 1,3-admantandiol in 5% yield and 2-adamantanone in l% yield within 1 

minute. Compared with the adamantane oxidation by dimethyldioxirane (87% 

yield of 1-adamantanol in 18 h), methyl (trifluoromethyl) dioxirane is much more 

efficient.  
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Owing to the high efficiency of methyl (trifluoromethyl) dioxirane in C-H 

bond oxidation as demonstrated by Curci, it has been applied in modification of a 

variety of natural products, such as steroids,15 and also applied in total synthesis.  

For instant, Baran utilized methyl (trifluoromethyl) dioxirane to carry out 

C-H bond oxidation of dihydrojunenol as a key step in the total synthesis of 

4-epiajanol.16 The reaction was carried out by portion-wise addition of 1 

equivalent of methyl (trifluoromethyl) dioxirane into the solution of substrate in 

DCM over 30 min, then stirring for additional 30 min, the reaction was 

performed at -20 oC. The reaction gave the oxidized product with 82% yield.  

 

Me
Me

H1

H3

H4

Me

Me
H5

H2 O

O

NHF3CH2C

CF3

OO
Me

Me

HO

H3

H4

Me

Me
H5

H2 O

O

NHF3CH2C

DCM, -20 oC

 

Scheme 1.7 Dioxirane-based C-H bond oxidation in total synthesis of 

4-epiajanol. 

 

Methyl (trifluoromethyl) dioxirane is usually used in isolated form due to its 

high efficiency of oxidation. However, distillation is involved in the isolation of 

dioxiranes which is cumbersome. Moreover, the requirement of low boiling point 
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and low molecular weight severely limits the variety of dioxiranes to be used. 

To solve this problem, Yang and co-workers performed dioxirane-based 

epoxidation by dioxiranes generated in situ in a solvent mixture of H2O and 

CH3CN.17 Using the H2O-CH3CN solvent system, Yang and co-workers have 

developed a series of chiral binaphthalene ketones as catalysts for asymmetric 

epoxidation.18d As shown in Scheme 1.8, with (E)-4,4’-diphenylstilbene as 

substrate, the reaction was carried out by stirring 0.1 mmol of substrate and 0.1 

mmol of chiral ketone, 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 in a 

mixture of H2O and CH3CN at room temperature for 8 h. The stilbene substrate 

was converted to corresponding epoxide in 82 % yield with 87 % ee.  

 

Ph

Ph

O

O
O

O

O

Ph

Ph

OChiral ketone (1 equiv.)

Oxone, NaHCO3,
CH3CN/H2O, r.t., 8 h

87% ee (82% yield)
         (-)-(S,S)

(E)-4,4'-diphenylstilbene

Scheme 1.8 Asymmetric epoxidation of trans-stilbene catalyzed by chiral 

ketone. 
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Then, Shi used fructose-derived ketones as catalyst for epoxidation with 

high enantioselectivity using H2O-CH3CN as co-solvent system.18c As shown in 

Scheme 1.9, the reaction was performed by stirring 1 equivalent of trans-stilbene 

with 3 equivalent of fructose-derived ketone catalyst, 5 equivalent of Oxone and 

15.5 equivalent of NaHCO3 in a mixture of H2O and CH3CN at 0 oC for 2 h. 

trans-stilbene was converted to corresponding epoxide in 73 % yield with 95 % 

ee.  

 

OFrutose-derived ketone (3 equiv.)

Oxone, NaHCO3,
CH3CN/H2O, 0 oC, 2 h

95% ee (73% yield)
         (+)-(R,R)

trans-stilbene

O O

O

O

O

O

 

Scheme 1.9 Asymmetric epoxidation of trans-stilbene catalyzed by 

fructose-derived ketone. 

 

Shing and co-workers19 have also developed arabinose-derived ketone 

catalysts for enantioselective epoxidation conducted in H2O-CH3CN solvent 

system. In the paper by Shing, the epoxidation was carried out with 0.1 mmol of 
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substrate, 0.01 mmol of arabinose-derived ketone catalyst, 1 mmol of Oxone and 

3.1 mmol of NaHCO3 in a mixture of H2O and CH3CN (H2O : CH3CN = 1 : 5 v/v) 

at 0 ℃ for 12 h. The reaction gave the epoxide in 92% yield with 93% ee.  

 

OBn

O

OO

OBn

O

O

O

OBn

OArabinose-derived ketone (0.1 equiv.)

      Oxone, NaHCO3,
CH3CN/H2O, 0 ℃, 12 h 93% ee (92% yield)

             (-)  

Scheme1.10 Enantioseletive epoxidation catalyzed by arabinose-derived ketone. 

 

For C-H bond oxidation, Yang and co-workers8b,c,d performed the 

regioselective intramolecular C-H oxidation of hydrocarbon chain linked with 

ketone moiety in a mixture of H2O and CH3CN. The ketone moiety was 

converted to dioxirane and oxidized the secondary C-H bond at the δ position of 

the dioxirane. Details of the reaction are illustrated in the earlier part of this 

chapter.  
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1.4 Cyclodextrins  

 Cyclodextrins (CDs)20 are cyclic supramolecular compounds comprising of 

glucopyranose units. The three major members are α-, β-, and γ-CDs consisting 

of six, seven and eight glucopyranose units, respectively. The structures of α-, β-, 

and γ-CDs are shown in Figure 1.2. 
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Figure 1.2 Three commonly used cyclodextrins. 

 

CDs appear as bucket structures (Figure 1.3) with primary hydroxyl groups 

at the rim of the narrower entrance (called primary face) and secondary hydroxyl 

groups at the rim of the wider entrance (called secondary face). Within a β-CD 

molecule, the C-2 hydroxyl group of the glucopyranoside units can form 

hydrogen bonds with the C-3 hydroxyl group of neighbor glucopyranoside units. 

The belt-liked hydrogen bond system provides rigidity to the structure of β-CD. 

This leads to the especially low solubility of β-CD among the three major types 
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of CDs. For α-CD, as the hydrogen bond system is not completed due to 

distortion occurs at one of the glucopyranose units, only four effective hydrogen 

bonds can be formed, instead of six. The structure of γ-CD is non-coplanar and 

more flexible, hence the solubility of γ-CD is the highest among the three major 

CDs. The basic properties of α-, β-, and γ-CDs are summarized in Table 1.1.  

 

n
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O

HO
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H4
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Figure 1.3 General structure of cyclodextrins. 

 

Table 1.1 Basic properties of α-, β-, and γ-cyclodextrins 

Properties  α-CD β-CD γ-CD 

Number of glucopyranose units 6 7 8 

Molecular weight 972 1135 1297 

Solubility in water at room temperature (g/L) 145 18.5 23.2 

Cavity diameter (pm) 470-530 600-650 750-830

Approximate volume of cavity (106 pm3) 174 262 427 
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1.4.1 Driving Force of Inclusion Complex Formation between Organic 

Guests and CD Hosts 

Cyclodextrins (CDs) are water-soluble with hydrophobic cavity (Figure 1.3). 

When the cavity of CD binds with molecule, it is called inclusion complex. The 

compounds bound in the cavity of CD are mainly hydrophobic organic 

compounds. In aqueous medium, the apolar-polar interaction between the organic 

compound and the surrounding water molecules and that between the 

hydrophobic cavity of CD and water molecules inside the CD cavity are 

energetically unfavorable. The driving force for the inclusion complex formation 

mainly come from the substitution of these energetically unfavorable interactions 

by the energetically favorable apolar-apolar interaction between organic 

molecule and the CD cavity.20a This leads to the replacement of water molecules 

in the CD cavity by organic molecule (Figure 1.4).  

 

Figure 1.4 Schematic diagram of inclusion complex formation. 

+ 
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1.4.2 Evidence of Inclusion Complex Formation 

Although absorption and fluorescence spectroscopies show the presence of 

interaction between organic guests and CDs, they cannot provide evidence for 

the formation of inclusion complexes. Beside the X-ray analysis of crystalline 

complexes directly,21 the formation of inclusion complexes between the guests 

and CDs can be supported by NMR spectroscopy.22 

Demarco and Thakkar are the pioneers in studying the inclusion complex of 

CD in solution through 1H NMR spectroscopy.23 They found that with increasing 

amount of p-hydroxybenzoic acid in a solution of β-CD in D2O, the signals of 

H-3 and H-5 of β-CD shifted upfield progressively (refer to Figure 1.5). This 

reflects that the guest was included in the cavity of β-CD and interacted with the 

protons H-3 and H-5 inside the CD cavity. In addition, they pointed out that the 

exchange rate between the free β-CD and β-CD complex is fast on the time scale 

of NMR, as averaged signals of free β-CD and β-CD complex were obtained, 

instead of separated signals of free β-CD and β-CD complex.  
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Figure 1.5 100 MHz 1H NMR spectra of a mixture of p-hydroxybenzoic acid and 

β-CD in a ratio of (A) 0, (B) 0.19, (C) 0.40, (D) 0.77, (E) 1.16, (F) 3.09 in D2O. 

 

1.4.3 Selectivity of Guest for Inclusion Complex Formation with CDs 

 CDs have different selectivity with various guests and form inclusion 

complexes with different stability. The guests with higher preference to bind to 

CD will give more stable inclusion complex.   
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In general, the stability of inclusion complexes increases with the chain 

length of both aliphatic and cyclic alkane guests.20a The inclusion complexes 

with cyclic alkane guests are more stable than that with aliphatic alkanes. By 

increasing the rigidity of the guests, the stability of the inclusion complexes 

would be enhanced.  

Specifically, the inclusion complexes of aliphatic hydrocarbons with α-CD 

are more stable than that with β-CD.24 β-CD forms extra stable inclusion 

complexes with cyclic hydrocarbons than α-CD and γ-CD. The inclusion 

complexes of β-CD with aromatic guests are remarkably more stable than the 

inclusion complexes of α-CD and γ-CD.25 

 

1.4.4 Measurement of the Stoichiometry and Stability of Inclusion 

Complexes  

 The guest is not held in the CD cavity permanently, and the binding between 

the guest and CD is in equilibrium indeed. The binding constant (Kc) is an 

important parameter of inclusion complexes, especially when CD is used as 

controlled release agents for pharmaceutical purposes in drug delivery.  

CD + G       CD•G 

Kc =  
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To assess the binding constant of inclusion complexes, the stoichiometric 

ratio of CDs to guests (or guests to CDs) must be found out. As proven by 

Demarco and Thakkar, the guest interacts with the protons inside the cavity of 

CD during the formation of inclusion complexes, leading to the upfield shift of 

the 1H NMR signals of H-3 and H-5. By conducting 1H NMR titration, the 

stoichiometric ratio of CD to guest can be found. By plotting the change of the 

chemical shift of the H-3 or H-5 of CD against the ratio of the guest to CD, the 

stoichiometric ratio can be determined at the turning point.  

 After determination of stoichiometry of the inclusion complexes, the 

binding constant can be found by specific data treatment of the data obtained in 

1H NMR titration and stoichiometry.26 For 1 : 1 stoichiometry, the mathematical 

expression of the observed chemical shift is shown as equation (1).  

                         (1) 

Where δ is observed chemical shift, δH is chemical shift of free CD, δGH is 

chemical shift of complexed CD, f10 is fraction of free CD, f11 is fraction of 

complexed CD.  

As f10 + f11 = 1, after rewriting equation (1), it gives:  

                      (2) 
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Expressing f11 as:  

                           (3) 

And expressing the change of chemical shift as:  

                           (4) 

Let Δ= f11Δ11 which represents the change of chemical shift at the end point of 

titration. Combining equation (2), (3) and (4), it gives:  

                            (5) 

After rewriting equation (5), an equation of double reciprocal plot (6) (or called 

Benesi-Hildebrand equation) can be obtained:  

                       (6) 

The binding constant can be found by plotting the titration data following 

equation (6). The drawback of Benesi-Hildebrand equation is that the equation 

only valid when observing the signal of guest (or CD) in excess of CD (or guest).  

Alternatively, the Scott’s plot (shown as equation (7)) can be used to determine 

the binding constant for a 1:1 ratio of guest to CD.27 

                          (7) 

For the inclusion complexes which the ratio of guest to CD is not 1:1, the binding 

constant is determined by curve fitting methods which are well documented in 

literature.22b 
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1.4.5 Studies on the Binding Geometry of CD Inclusion Complexes by 2D 

ROESY 

 The binding geometry of the guest in the cavity of CD affects the binding 

constant of the inclusion complexes and also the reaction based on the inclusion 

complexes between the guest and CD. The binding geometry of the guest of the 

inclusion complexes is usually studied by 2D 1H ROESY experiment.22a In 2D 

ROESY of CD inclusion complexes, NOE correlation signal between the protons 

of the guest and the protons of CD can be observed when the distance of the 

protons is shorter than 4 Å through space. If NOE correlation signals between 

H-3, H-5 and H-6 of CD and the protons of the guest are observed, the guest is 

likely included in the cavity of CD. The intensity of NOE correlation signal 

increases when the protons are more proximal to each other.  

Figure 1.6 shows the 2D ROESY spectrum of inclusion complex of ethyl 

dodecanoate and tri-O-methyl-α-CD (TMα-CD) reported by Botsi.27 As indicated 

in this article, the EtO moiety and the protons of C-3, 11, and 12 of ethyl 

dodecanoate show NOE interactions with H-3 of TMα-CD; all protons of ethyl 

dodecanoate have NOE interaction with H-5 of TMα-CD; the protons of C-12 

and EtO moiety of ethyl dodecanoate have NOE interactions with H-6 of 

TMα-CD. Based on a 2 : 1 stoichiometry of TMα-CD and ethyl dodecanoate and 
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the results of 2D ROESY, Botsi proposed the possible binding geometry ethyl 

dodecanoate in the cavity of TMα-CD as shown Figure 1.7.  
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Figure 1.6 2D ROESY spectrum of inclusion complex of ethyl dodecanoate and 

TMα-CD. 

 

O

O

 

Figure 1.7 Possible binding geometry of ethyl dodecanoate in the cavity of 

TMα-CD based on a 2 : 1 ratio of TMα-CD to ethyl dodecanoate. 
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1.5 Current Challenges of C-H Bond Activation 

 Selective C-H bond oxidation is a great challenge in organic synthesis. Over 

the decades, chemists spend lots of efforts on the design of catalysts for selective 

C-H bond oxidation based on electronic, steric and substrate-based directing 

factors. However, these approaches are significantly limited by the inherent 

structures of the substrates. Thus, it is of high demand to develop new strategies 

for selective C-H bond oxidation to cater for a wide diversity of substrates.  

 Supramolecular host-guest chemistry provides a promising means to 

achieve selectivity in a wide diversity of organic reactions. In general, the 

supramolecular hosts function in two ways for selectivity enhancement of 

organic reactions (Figure 1.8, using cyclodextrins as a model). One way is by 

positioning the target site of the substrates close to the active reaction centre and 

hence allows the reaction centre preferentially to react with the target site in close 

proximity.  
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Oxidant
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Figure 1.8 Schematic diagrams for selective C-H bond oxidation by 

supramolecular approach. 

 

Another way is by obstructing the approach of the undesirable site of the 

substrates to the active reaction centre through increasing the steric hindrance 

around the undesirable site. In this regard, the probability of reaction at the 

desirable site would be enhanced.  

For C-H bond activation by supramolecular approach, the selectivity 

enhanced by directing the target site of the substrates to the reaction centre has 

been widely investigated.28 However, selective C-H bond activation by 

obstructing the approach of undesirable C-H bonds to the reaction centre remains 

unexplored.29  
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1.6 The Objectives and Achievements of the Thesis 

 The objective of this project is to develop efficient methods for selective 

C-H bond oxidation by supramolecular approach. Cyclodextrins were chosen as 

the supramolecular host, and dioxiranes generated in situ were used as the 

oxidant. The selectivity of the C-H bond oxidation was achieved by obstructing 

the approach of dioxiranes to the C-H bond bound in the hydrophobic cavity of 

cyclodextrins. As a result, the unbound C-H bonds would be preferentially 

oxidized.  

This work focuses on (1) the development of an efficient protocol for C-H 

bond oxidation by dioxiranes generated in situ, (2) the investigation of the effect 

of cyclodextrins on site-selective C-H bond oxidation of aliphatic esters 

containing multiple tertiary C-H bonds, and (3) the investigation of the effect of 

cyclodextrins on selective C-H bond oxidation of hydrocarbon mixtures.  

In Chapter two, the reaction conditions of C-H bond oxidation were 

optimized. Using adamantane as a substrate, the C-H bond oxidation using 

dioxiranes generated in situ was performed at room temperature (25 ℃ ); 

NaHCO3 was used to maintain neutral pH for the reaction. It was found that 

multiple additions of Oxone and NaHCO3 would increase the conversion of the 

C-H bond oxidation. By examining of a variety of ketones towards adamantane 
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oxidation, 1,1,1-trifluoroacetone was found to exhibit the highest activity 

towards C-H bond oxidation.  

In Chapter 3, the effects of cyclodextrins on the site-selective C-H bond 

oxidation by dioxiranes generated in situ were studied. 3,7-Dimethyloctyl 

benzoate was used as a substrate with two tertiary C-H bonds. In the presence of 

β-CD, 3,7-dimethyloctyl benzoate was oxidized to 7-hydroxy-3,7-dimethyloctyl 

benzoate and 3-hydroxy-3,7-dimethyloctyl benzoate in H2O. The ratio of 

7-hydroxy-3,7-dimethyloctyl benzoate to 3-hydroxy-3,7-dimethyloctyl benzoate 

was found to be 20 : 1. This ratio was higher than that given by the reaction 

preformed in a mixture of H2O and CH3CN without β-CD. The formation of 

inclusion complex between the substrate and β-CD was supported by 1H NMR 

titration. When the benzenoate moiety of the substrate was changed to 

4-t-butylbenzenoate, pivalate and acetate, the product ratio varied from 14 : 1 to 

5 : 1. By 2D ROESY 1H NMR analysis, the change in the product ratios could be 

attributed to the different binding geometries of the substrates to β-CD. 

Apart from site selectivity, in Chapter 4, selective C-H bond oxidation of 

hydrocarbon mixtures was achieved by supramolecular approach using β-CD. 

With addition of β-CD, preferential oxidation of cumene was observed in the 

dioxirane-based oxidation of a mixture of cumene and ethyl benzene. The 



30 
 

product ratio of cumyl alcohol to acetophenone was found to be 8 : 1 while the 

reaction performed in the absence of β-CD gave cumyl alcohol and ethyl benzene 

in a ratio of 2 : 1.  
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Chapter 2  

Optimization of Reaction Conditions for C-H Bond Oxidation by 

Dioxiranes Generated in situ 

 

2.1 Introduction 

Dioxiranes are powerful oxidants for C-H bond oxidation.1-5 They can be 

generated from ketones and Oxone, followed by isolation through vaccum 

distillation at subambient temperatures in a gentle stream of inert gas and be 

collected at -60 to -75 C.2a However, the tedious procedures and special 

experimental setup required for isolation of dioxiranes severely limit the variety 

of dioxiranes for C-H bond oxidation. Only ketone precursors with high volatility 

and low molecular weight can be employed. This hinders the systematic 

investigations on the structure-activity relationship of dioxirane-based C-H bond 

oxidation. Besides, the isolated dioxiranes are extremely unstable in the presence 

of trace metal and impurities and under the exposure of light, demanding strictly 

controlled storage conditions for isolated dioxiranes.2a  

In situ generation of dioxiranes6 provides a more convenient alternative way 

of using dioxiranes for oxidation. However, it is less efficient for C-H oxidation 

as compared to the isolated dioxiranes, probably due to the in situ decomposition 
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of dioxiranes by peroxy anion HSO5
- (Scheme 2.1).7,8 To maintain a high level of 

dioxirane concentration and hence a higher C-H oxidation efficiency, we have 

conducted optimization of reaction conditions.  
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Scheme 2.1 Generation of dioxiranes by reaction of Oxone and ketones. 

 

2.2 Optimization of Experimental Parameters for in situ C-H Bond 

Oxidation of Adamantane 

At the outset, C-H bond oxidation was carried out using the reaction 

conditions reported in Yang’s article.9 Adamantane was used as a substrate, and 

the reaction was conducted by stirring adamantane (0.1 mmol), 

1,1,1-trifluoroacetone (0.1 mmol), Oxone (0.5 mmol) and NaHCO3 (1.55 mmol) 

in a mixture of H2O (1 mL) and CH3CN (1.5 mL) at 25 C for 2 h. The products 

were separated by flash column chromatography and analyzed by 1H NMR, it 

was found that adamantane was oxidized to 1-adamantanol and 

1,3-adamantandiol (Scheme 2.2).  
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Scheme 2.2 Dioxirane-based adamantane oxidation. 

Based on 1H NMR analysis of the crude reaction mixture, the ratio of 

adamantane to 1-adamantanol to 1,3-adamantandiol was found to be 48 : 47 : 5 

(Entry 2, Table 2.1).  

adamantane1-adamantanol

OH

OH

1,3-adamantandiol

OH

H
H

HH

H

H

HH

H

 

Figure 2.1 Partial 1H NMR spectrum of crude reaction mixture of adamantane 

oxidation. 

 

 

Calculation of the ratio of adamantane to products (entry 2, table 2.1) 

Adamantane : 1-adamantanol : 1,3-adamantandiol 

= [4/4 ÷ (4/4 + 2.99/3 + 0.22/2) × 100] : [2.99/3 ÷ (4/4 + 2.99/3 + 0.22/2) × 100] : 

[0.22/2 ÷ (4/4 + 2.99/3 + 0.22/2) × 100]  

= 48 : 47 : 5 
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The reaction parameters affecting the oxidation rate of adamantane were 

studied, including reaction temperature, choice of base, amount of Oxone, base, 

and 1,1,1-trifluoroacetone used.  

 

2.2.1 Effect of Reaction Temperature 

The effect of reaction temperature on adamantane oxidation was examined. 

The conversion of adamantane was very low (13%) when the reaction was 

carried out at 0 C (Table 2, entry 1). When the adamantane oxidation was 

conducted at 25 C, the conversion of adamantane was as follows (52%) (Entry 

2). However, the conversion of adamantane decreased (33%) when the reaction 

was performed at 40 ℃ (Entry 3). Probably, the higher reaction temperature at 40 

C would increase the rate of decomposition of Oxone, leading to the decrease in 

the conversion. Thus, reaction temperature at 25 C was chosen for subsequent 

studies. 
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Table 2.1 Adamantane oxidation at different temperature a  

Entry Temperature (C)

adamantane : 1-adamantanol : 

1,3-adamantandiol b  

Conv. (%) 

1 0 87 : 13 : 0  13 

2 25  48 : 47 : 5  52 

3 40  60 : 33 : 7 40 

a Unless otherwise indicated, reactions were carried out by stirring 0.1 mmol of 

adamantane and 0.1 mmol of 1,1,1-trifluoroacetone in a mixture of 1 mL of H2O and 1.5 

mL of CH3CN, followed by addition of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3. 

b Determined by 1H NMR analysis of the crude reaction mixture. 

 

2.2.2 Choice of Base  

The oxidation by dioxiranes generated in situ is usually conducted at neutral 

pH. Under acidic conditions, referring to Scheme 2.1, HSO5
- anion is protonated, 

and dioxiranes could not be generated by nucleophilic addition of HSO5
- 

efficiently. On the contrary, Oxone decomposition would become too fast under 

basic conditions.10 In this section, the effect of various bases on adamantane 

oxidation was investigated.  
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Table 2.2 Adamantane oxidation conducted with different bases. a 

Entry Base pH 

adamantane : 1-adamantanol : 

1,3-adamantandiol b 

Conv. (%) 

1 NaHCO3 6.9 48 : 47 : 5 52 

2 CaCO3 6.4 44 : 41 : 15 56 

3 Na2CO3 9.0 98 : 2 : 0 2 

4 K2CO3 8.7 97 : 3 : 0 3 

5 Cs2CO3 9.1 100 : 0 : 0 0 

a Unless otherwise indicated, reactions were carried out by stirring 0.1 mmol of 

adamantane and 0.1 mmol of 1,1,1-trifluoroacetone in a mixture of 1 mL of H2O and 1.5 

mL of CH3CN at room temperature, followed by addition of 0.5 mmol of Oxone and 

1.55 mmol of base. b Determined by 1H NMR analysis of the crude reaction mixture. 

 

Oxone is a mix salt of 2KHSO5, KHSO4 and K2SO4 containing three acidic 

protons. To provide neutral reaction conditions, the ratio of Oxone to the 

monobasic NaHCO3 was designed to be 1 : 3.1. Based on this ratio, the reaction 

conditions were neutral (pH = 6.9) when NaHCO3 was used as a base, 

determined by pH meter. The adamantane oxidation performed with Oxone and 

NaHCO3 in a ratio of 1 : 3.1 gave 52% conversion. Apart from NaHCO3, CaCO3 

could also provide neutral reaction conditions (pH = 6.4) for adamantane 
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oxidation. The reaction conducted with CaCO3 (entry 2) gave the conversion of 

adamantane (56%) similar to that using NaHCO3 as the base. The stronger base 

could not benefit the dioxirane-based adamantane oxidation and only gave a 

trace amount of conversion. The reaction performed with Na2CO3 (entry 3) only 

gave 2% conversion, and the reaction performed with K2CO3 (entry 4) gave only 

3% conversion. No conversion was observed when the reaction was conducted 

with Cs2CO3 (entry 5). The pH of the reaction systems conducted with Na2CO3, 

K2CO3 and Cs2CO3 were 9.0, 8.7and 9.1. This revealed that the dioxirane-based 

adamantane oxidation needs to be conducted in neutral reaction conditions, but 

not basic conditions.  
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2.2.3 Study on the Amount of Oxone and Base  

Table 2.3 Adamantane oxidation with different amounts of Oxone and NaHCO3
a 

Entry 

Oxone 

(mmol) 

NaHCO3 

(mmol) 

Time 

adamantane : 

1-adamantanol : 

1,3-adamantandiol b 

Conv. (%)

1 0.5 1.55 2 h 48 : 47 : 5 52 

2 0.5×2 1.55×2 4 h 24 : 67 : 9 76 

3 0.5×3 1.55×3 6 h 7 : 49 : 44 93 

4 0.5×4 1.55×4 8 h 16 : 59 : 25 84 

5 0.25×8 0.775×8 8 h 12 : 54 : 34 88 

a Unless otherwise indicated, reactions were carried out by stirring 0.1 mmol of 

adamantane and 0.1 mmol of 1,1,1-trifluoroacetone in a mixture of 1 mL of H2O and 1.5 

mL of CH3CN at room temperature with different additions of 0.5 mmol of Oxone and 

1.55 mmol of NaHCO3. 
b Determined by 1H NMR analysis of the crude reaction 

mixture. 

 

The effect of amount of Oxone and base used was studied. The conversion of 

adamantane increased when the loading of Oxone and NaHCO3 increased. With 

one addition of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, the 
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conversion of adamantane was 52% after 2 h stirring. The reaction carried out 

with two additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h and 

2 h gave the 76% conversion over 4 h; while the reaction conducted with three 

additions of Oxone and NaHCO3 at 0 h, 2 h and 4 h gave 93% conversion (total 

reaction time: 6 h).  

 

  

Figure 2.2 Effect of different amounts of Oxone and NaHCO3 

 

However, the conversion of adamantane did not increase with four additions 

of Oxone and NaHCO3 at 0 h, 2 h, 4 h and 6 h (entry 4) (84%, total reaction time: 

8 h). This would be due to the excessive formation of Na2SO4 by the reaction of 

2×(                          ) 

1.55 mmol NaHCO3 

0.5 mmol Oxone   

1.55 mmol NaHCO3 

0.5 mmol Oxone   

3×(                          ) 
1.55 mmol NaHCO3 

0.5 mmol Oxone 

4×(                          )   
1.55 mmol NaHCO3 

0.5 mmol Oxone   

8×(                            ) 
0.775 mmol NaHCO3 

0.25 mmol Oxone   
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Oxone and NaHCO3. The Na2SO4 absorbed H2O and hence reduced the amount 

of water available for dissolution of Oxone and NaHCO3, leading to reduced 

efficiency for dioxirane generation. Besides, the high ionic strength induced by a 

large amount of Na2SO4 would lead to biphasic separation of H2O and CH3CN. 

In such a biphasic system, the good solubility of 1,1,1-trifluoroacetone in 

aqueous phase facilitates the generation of dioxiranes. However, owing to the 

high concentration of Oxone in the aqueous phase, the decomposition of 

dioxiranes by peroxy anion HSO5
- may also be faster. As a result, only a small 

amount of dioxiranes would go back to the organic phase for oxidation. Thus, the 

rate of adamantane oxidation was low. 

 

CF3
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CF3

O

+
CF3

O O
HSO4

-
HSO5

-

+ O2aqueous phase

organic phase

fast

slow

OH OH
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Scheme 2.3 Dioxirane-based adamantane oxidation in biphasic system 

 

When the reaction was performed with 8 additions of 0.5 mmol of Oxone 

and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h (entry 5), the 
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conversion of adamantane was slightly higher (88%), compared to that given by 

the reaction carried out with four additions of Oxone and NaHCO3 at 0 h, 2 h, 4 h 

and 6 h (entry 4) (84%). This would be due to less decomposition of dioxiranes 

by excess amount of Oxone.  

 

2.2.4 Effect of Loading of 1,1,1-Trifluoroacetone 

The effect of 1,1,1-trifluoroacetone loading was examined. The oxidation of 

adamantane was initially performed by using 1 equivalent of 

1,1,1-trifluoroacetone (Table 2.4, entry 2). The reaction gave 93% conversion of 

adamantane. Decreasing 1,1,1-trifluoroacetone loading to 0.5 equivalent (entry 3), 

the conversion of adamantane remained 49%; when the reaction was conducted 

with 0.1 equivalent of 1,1,1-trifluoroacetone (entry 4), 36% conversion of 

adamantane could still be obtained.  
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Table 2.4 Effect of loading of 1,1,1-trifluoroacetone on adamantane oxidation a  

Entry 

Loading of 

1,1,1-trifluoroacetone

adamantane : 1-adamantanol : 

1,3-adamantaneb 

Conv. (%) 

1 2 equiv. 23 : 52 : 25 77 

2 1 equiv.  7 : 50: 43 93 

3 0.5 equiv. 51 : 38 : 11 49 

4 
 0.1 equiv.  64 : 31 : 5 46 

a Unless otherwise indicated, reactions were carried out by stirring 0.1 mmol of 

adamantane and different amount of 1,1,1-trifluoroacetone in a mixture of 1 mL of H2O 

and 1.5 mL of CH3CN at room temperature with 3 additions of 0.5 mmol of Oxone and 

1.55 mmol of NaHCO3 at 0 h, 2 h and 4 h (total reaction time: 6 h). b Determined by 1H 

NMR analysis of the crude reaction mixture.  

 

However, the reaction conducted with 2 equivalents of 

1,1,1-trifluoroacetone (entry 1) did not give higher adamantane conversion (77%) 

compared with that conducted with 1 equivalent of 1,1,1-trifluoroacetone (93%). 

This would be due to the more significant decomposition of Oxone by excess 

ketone, leading to the low conversion of adamantane.  
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2.3 Ketone Screening 

Using the newly developed protocol of adamantane oxidation by dioxiranes 

generated in situ, an extended scope of ketones towards adamantane oxidation 

could be examined. This is not possible to be achieved by using isolated 

dioxiranes. The results are summarized in Table 2.5.  

The adamantane oxidation conducted with 1,1,1-trifluoroacetone gave the 

highest conversion of adamantane (entry 1) (93%). This could be attributed to the 

strong electron-withdrawing trifluoromethyl group. According to literature 

reports, incorporation of electron-withdrawing groups adjacent to the dioxirane 

functionality could enhance its activity in oxidation. 10,11  
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Table 2.5 Catalytic activities of ketones towards adamantane oxidation a 

Entry Ketone 
adamantane : 1-adamantanol : 

1,3-adamantane b 
Conv. (%) 

1 
CF3

O

 
7 : 50 : 43 93 

2 O
O

O  
14 : 71 : 15 86 

3 CF3

O

 
43 : 52 : 5 57 

4 CF3

O

F

 
24 : 66 : 10 76 

5 CF3

O

F  
52 : 43 : 5 48 

6 
CF3

O

 
61 : 35 : 4 39 

7 
S

O

O O  

22 : 61: 17 78 

8 
N

O

Ph Ph
OTf

60 : 40 : 0 40 

9 
CF3

O

O

O

100 : 0 : 0 0 

a Unless otherwise indicated, reactions were carried out by stirring 0.1 mmol of 

adamantane, 0.1 mmol of ketone in a mixture of 1.5 mL CH3CN & 1 mL H2O at room 

temperature with 3 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 2 

h and 4 h (total reaction time: 6 h). b Determined by 1H NMR analysis of the crude 

reaction mixture. 
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The activity of methyl pyruvate (entry 2) towards nucleophilic addition 

would be attributed to the electron withdrawing ability of ester group, it gave 

86% conversion of adamantane, the electron-withdrawing property of the α-ester 

adjacent to the dioxirane leads to the high activity of adamantane oxidation. 

Ketones in entries 3 to 6 are with trifluoromethyl group as 1,1,1-trifluoroacetone, 

but the reaction conducted with ketones in entries 3 to 6 gave lower conversion 

of adamantane. This would be due to the electron-donating property and 

unfavorable steric effect of the phenyl ring.  

Interestingly, the cyclic ketones in entries 712 and 813 also gave moderate to 

good conversion of adamantane. The activity of ketone in entry 7 would be 

attributed to the dipole-dipole interaction of sulfone to the carbonyl group, and 

the activity of ketone in entry 8 was attributed to the through-space charge-dipole 

interaction of ammonium cation to the carbonyl group, called ‘Field effect’.6c 

The reaction conducted with ethyl 4,4,4-trifluoroacetoacetate (entry 9) gave 

no conversion; this would be attributed to the formation of enol from the ketone 

moiety.  
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2.4 Optimized Reaction Conditions for in situ C-H bond Oxidation of 

Adamantane 

 On the basis of the studies of the reaction parameters above, a general 

protocol for C-H bond oxidation was developed as follows:  

 To a reaction mixture of adamantane (0.1 mmol) in a mixture of H2O (1 mL) 

and CH3CN (1.5 mL), 0.1 mmol of 1,1,1-trifluoroacetone was added, followed 

by three additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 2 h, 

and 4 h. After 6 h, 4 mL of H2O was added and the resulting mixture was 

extracted with ethyl acetate (3×10 mL). The combined organic extract was dried 

over anhydrous Na2SO4. The organic solvent was evaporated under reduced 

pressure. The crude reaction mixture was then dissolved in CDCl3 and analyzed 

by 1H NMR.  

 

2.4 Conclusion  

In summary, the effects of reaction temperature, type of bases, amount of 

Oxone and base, and loading of ketones on adamantane oxidation were studied. 

The adamantane oxidation using dioxiranes generated in situ is conducted at 

room temperature (25 ℃); NaHCO3 is a suitable base to maintain neutral pH for 

adamantane oxidation; the multiple additions of Oxone and NaHCO3 increase the 
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conversion of C-H bond oxidation. Besides, the conversion of C-H bond 

oxidation can be improved by increasing the loading of ketone. Using the 

protocol of adamantane oxidation by dioxiranes generated in situ, a wide variety 

of ketones towards adamantane oxidation was examined. The results showed that 

1,1,1-trifluoroacetone exhibits the highest activity towards adamantane 

oxidation.  

 

2.5 Experimental Section 

2.5.1 General Procedures for Adamantane Oxidation  

To a solution of 0.1 mmol of adamantane in a mixture of 1 mL of H2O and 1.5 

mL of CH3CN, 0.1 mmol of 1,1,1-trifluoroactone was added. The reaction 

mixture was being stirred, followed by three additions of 0.5 mmol of Oxone and 

1.55 mmol of NaHCO3 at 0 h, 2 h and 4 h. After stirring for 6 h, 4 mL of H2O 

was added, and the resulting mixture was extracted with ethyl acetate (3 × 10 

mL). The combined organic extract was dried by anhydrous Na2SO4, and the 

organic solvent was evaporated under reduced pressure. The residue was then 

dissolved in CDCl3 and analyzed by 1H NMR. 
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2.5.2 1H NMR Spectra of Adamantane Oxidation  

Table 2.1, entry 1 (Table 2.2, entry 1; Table 2.3, entry 1) 

 

Table 2.1, entry 2  

 

Adamantane 

1-Adamantanol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.1, entry 3  

 

Table 2.2, entry 2 

 

1-Adamantanol

Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.2, entry 3 

 

Table 2.2, entry 4 

 

1-Adamantanol

Adamantane 

1-Adamantanol

Adamantane 
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Table 2.2, entry 5 

 

Table 2.3, entry 2  

 

1-Adamantanol

Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 
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Table 2.3, entry 3 (Table 2.4, entry 2; Table 2.5, entry 1) 

 

Table 2.3, entry 4 

 

1-Adamantanol

Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.3, entry 5 

 

Table 2.4, entry 1 

 

1-Adamantanol

Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.4, entry 3 

 

Table 2.4, entry 4 

 

1-Adamantanol

Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.5, entry 2  

 

Table 2.5, entry 3  

1-Adamantanol

Adamantane 
1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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 Table 2.5, entry 4  

 

Table 2.5, entry 5  

 

1-Adamantanol

Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.5, entry 6  

 

Table 2.5, entry 7  

 

1-Adamantanol Adamantane 

1,3-Adamantandiol

1-Adamantanol

Adamantane 

1,3-Adamantandiol
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Table 2.5, entry 8  

 

Table 2.5, entry 9 

 

1-Adamantanol
Adamantane 

Adamantane 
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Table 2.5, entry 10 

 

 

Adamantane 
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Chapter 3  

Site-Selective C-H Bond Oxidation through Supramolecular 

Control by Cyclodextrins 

 

3.1 Introduction  

 Cyclodextrins are supramolecular compounds. They can form inclusion 

complexes with organic compounds in water. The hydroxyl groups located at the 

two rims of cyclodextrins can react with substrates directly or be attached to 

other catalytic centres. All these advantages make cyclodextrins widely used as 

ideal hosts in biomimetic catalysis. Well documented in literatures, 

supramolecular catalysts based on cyclodextrins1 mainly achieve selectivity in 

reactions by positioning the target site of the substrates in close proximity to the 

active reaction centre in order to facilitate the reactions, or by obstructing the 

approach of undesirable sites to the active reaction centre in order to increase the 

relative reactivity of the desirable target sites. 

For C-H bond oxidation by cyclodextrin-based catalysts, Breslow and 

co-workers reported the pioneer work2 on selective C-H bond oxidations of 

steroid compounds. Reported by Breslow, the catalyst was designed by attaching 

cyclodextrins to the manganese porphyrin (Figure 3.1). As shown in Scheme 3.1, 
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oxidation of the substrates was conducted with 10 mol% of cyclodextrin-linked 

manganese porphyrin and 5 mM iodosobenzene (5 equiv.) in aqueous solution 

with 10 equivalent of pyridine at room temperature for 2 h. Instead of the 

electron-rich tertiary C-H bonds, the secondary C-H bond of the steroid 

backbone was regioselectively oxidized by positioning the target C-H bond to the 

active catalytic center of the catalyst. After hydrolysis with 25% KOH, triol was 

obtained in 40% conversion. Indicated in this paper, the two tert-butylphenyl 

groups would bind to CDs at trans-position in the catalyst.  

 

Mn S

S

S

S

 

Figure 3.1 Cyclodextrin-attached manganese porphyrin catalyst. 
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Cyclodextrin-linked 
porphyrin catalyst (10 mol%), 
iodosyl benzene (5 equiv.), 
pyridine (10 equiv.), H2O, r.t.

O

O
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CONHCH2CH2SO3H

O

HO3SH2CH2CHNOC

H

H

H H

OH

HO
OH

25% KOH

Scheme 3.1 Regioselective C-H bond oxidation by cyclodextrin-attached 

catalyst. 
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In 2003, Wong’s group has developed cyclodextrin-ketoester as 

supramolecular catalyst for stereoselective alkene epoxidation.3 As shown in 

Scheme 3.2, using 0.1 mmol of terpene as substrate, the reaction was carried out 

with 0.1 mmol of cyclodextrin-ketoester, 0.1 mmol of Oxone and 0.31 mmol of 

NaHCO3 in a mixture of H2O and CH3CN at room temperature for 40 min. As a 

result, epoxide was obtained in 85% yield based on 97% conversion. The product 

ratio of cis-epoxide to trans-epoxide was 2.5 : 1. According to 1H NMR study, 

inclusion complex of the substrate and the catalyst was formed.  

 

OH

O

(85% yield 
based on 97% conversion)

Cyclodextrin-ketoester 
catalyst
(1 equiv.)

OH

Oxone , NaHCO3 
H2O/CH3CN, r.t., 40 min

O

O

O

O

O

O

OH

O

OH

O

S
+

S

S

S

SR
R

cis-epoxide trans-epoxide
2.5 : 1

 

Scheme 3.2 Stereoselective epoxidation with cyclodextrin-ketoester catalyst. 
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In this work, cyclodextrins were used as supramolecular hosts to promote 

site-selective C-H bond oxidation of 3,7-dimethyloctyl ester in water with in-situ 

generated methyl (trifluoromethyl) dioxirane as oxidant. Overriding the 

electronic effect, and beyond the control by steric and substrate-based directing 

effects, site-selectivity in C-H bond oxidation has been achieved by 

supramolecular control through inclusion complex formation between the 

substrates and cyclodextrins.  
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3.2 Design of Substrates 

 Tertiary C-H bond is of higher activity among unactivated C-H bonds 

towards electrophilic oxidation carried out by dioxiranes. To investigate the 

effect of cyclodextrins on the site selectivity of C-H bond oxidation, 

3,7-dimethyloctyl esters with two tertiary C-H bonds (Figure 3.2) were chosen as 

the substrate. The tertiary C-H bonds are located at the terminal and internal 

positions of the substrate.  

 

O R

O
H H

Terminal Internal

 
Figure 3.2 Structure of 3,7-dimethyloctyl ester. 

 

Due to the electronic effect imposed by the electron withdrawing ester 

moiety, electrophilic oxidation of the internal C-H bond is not favored. As a 

result, 7-hydroxy-3,7-dimethyloctyl ester is the major product through oxidation 

at the terminal C-H bond (Scheme 3.3). 4a 

 

O R

O
H H

3,7-dimethyloctyl esters

O R

O
HO H

7-hydroxy-3,7-dimethyloctyl esters

O R

O
H HO

3-hydroxy-3,7-dimethyloctyl esters

+

Major product Minor product

[O]

Scheme 3.3 Oxidation of 3,7-dimethyloctyl ester. 
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3.3 Optimization of Reaction Conditions for Site-Selective C-H Bond 

Oxidation 

 In order to increase the substrate conversion of site-selective C-H bond 

oxidation, the optimized reaction conditions used for adamantane oxidation was 

further modified. 3,7-Dimethyloctyl benzenoate,5 3.1a, was used as the substrate. 

The oxidation of 3.1a was performed by stirring 0.2 mmol of substrate and 0.2 

mmol of 1,1,1-trifluoroacetone in a mixture of H2O (4 mL) and CH3CN (6 mL) 

at 25 C, followed by four additions of 1 mmol of Oxone and 3.1 mmol of 

NaHCO3 at 0 h, 2 h, 4 h and 6 h. The products were separated by flash column 

chromatography and analyzed by 1H NMR (Figure 3.3). It was found that 

3,7-dimethyloctyl benzenoate, 3.1a was oxidized to 7-hydroxy-3,7-dimethyloctyl 

benzenoate,5 3.2a and 3-hydroxy-3,7-dimethyloctyl benzenoate,6 3.2a’ (Scheme 

3.4).  

O

O

O

O
HO

O

O
HO

+

3,7-dimethyloctyl benzenoate
3.1a

7-hydroxy-3,7-dimethyloctyl 
benzenoate, 3.2a

3-hydroxy-3,7-dimethyloctyl 
benzenoate, 3.2a'

1,1,1-trifluoroacetone, 
4 x (Oxone, NaHCO3)

CH3CN/H2O, 8 h, r.t.

HH

 

Scheme 3.4 Dioxirane-based oxidation of 3,7-dimethyloctyl benzenoate. 
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Based on 1H NMR analysis of the crude reaction mixture, the ratio of 3.1a 

to 3.2a to 3.2a’ was found to be 69 : 27 : 4 (Entry 1, Table 3.1).  

 

O

O
HO

3.2a'

1

8

1 O

O

3.2a

1

1

HO

O

O

3.1a

1

1

H of C8 of 3.2a' H of C1 of 3.2a H of C1 of 3.1a

 

Figure 3.3 Partial 1H NMR spectrum of the crude reaction mixture of oxidation 

of 3.1a. 

 

 

Calculation of the ratio of 3,7-dimethyloctyl benzenoate to products 

(entry 1, table 3.1) 

3.1a : 3.2a : 3.2a’ 

= integal of H of C1 of 3.1a/6 : integal of H of C1 of 3.2a/6 : integal of H of 

C8 of 3.2a’/2 

= 6/6 : 2.36/6 : 0.12/2 

= 1 : 0.39 : 0.06 
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When the reaction was performed with 8 additions of 0.5 mmol of Oxone 

and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h, the 

conversion of 3,7-dimethyloctyl benzenoate increased (3.1a : 3.2a : 3.2a’ = 1 : 

0.99 : 0.17) (Entry 1, Table 3.1), compared to that given by the reaction carried 

out with four additions of Oxone and NaHCO3 at 0 h, 2 h, 4 h and 6 h (3.1a : 

3.2a : 3.2a’ = 1 : 0.39 : 0.06) (Entry 2, Table 3.1). 

Monitored by using iodine-starch test paper, the time for consuming 1 mmol 

of Oxone (Entry 1) and that for consuming 0.5 mmol of Oxone (Entry 2) both 

were one hour. This reveals that 0.5 mmol of Oxone in each Oxone addition of 

entry 2 was excess and lowered the conversion of the oxidation of 3.1a. 
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Table 3.1 Oxidation of 3.1a with different loading of Oxone and NaHCO3 
a 

Entry 
Oxone 

(mmol) 

NaHCO3 

(mmol) 
Time 3.1a : 3.2a : 3.2a’ b

1 1×4 3.1×4 8 h 1 : 0.39 : 0.06 

2c 0.5×8 1.55×8 8 h 1 : 0.99 : 0.17 

a Unless otherwise indicated, reactions were carried out by stirring 0.2 mmol of 3.1a 

and 0.2 mmol of 1,1,1-trifluoroacetone in a mixture of 4 mL of H2O and 6 mL of 

CH3CN at room temperature with 4 additions of 1 mmol of Oxone and 3.1 mmol of 

NaHCO3 at 0 h, 2 h, 4 h and 6 h. b Determined by 1H NMR analysis of the crude 

reaction mixture. c The reaction was conducted with 8 additions of 0.5 mmol of Oxone 

and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. 

 

 The improvement of the conversion of oxidation of 3.1a in entry 1 would 

be due to less decomposition of dioxiranes by excess amount of Oxone (see 

Scheme 2.1) when Oxone was added in a portion-wise manner. In order to 

maintain a neutral reaction condition, NaHCO3 was added in a portion-wise 

manner as Oxone. For 0.2 mmol of substrate, 8 additions of 0.5 mmol of Oxone 

and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h were chosen 

as a general protocol for selective C-H bond oxidation in Chapters 3 and 4.  
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3.4 Effect of β-CD on Site Selectivity of C-H Bond Oxidation of 3.1a  

 Initially, β-cyclodextrin (β-CD) was chosen for studying the effect of 

cyclodextrins on site selective C-H bond oxidation, with 3.1a as substrate. The 

reaction was carried out by stirring a mixture of 3.1a and β-CD in water, 

followed by 8 additions of Oxone and NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h 

and 7 h (Table 3.2, entry 1). 3.1a was oxidized to 3.2a and 3.2a’. Based on the 1H 

NMR analysis of the crude product mixture, the ratio of 3.2a to 3.2a’ was 20 : 1 

with 71% yield based on 40% conversion in 8 h.  

 The experiment was repeated without the addition of substrate 3.1a. 0.1 mL 

of the reaction mixture was withdrawn at 60 min, 180 min and 360 min during 

the reaction. After being quenched by Na2SO3 solution, the withdrawn samples 

were analyzed by LC-MS. The results showed that no significant change on 

β-CD in during the course of the reaction was observed, indicating that β-CD is 

stable under the oxidation reaction conditions. 
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Figure 3.4 LC-MS (ESI+) spectra of β-CD in dioxirane-based oxidation of 3.1a 

β-CD 

β-CD 

β-CD 
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Table 3.2 Oxidation of 3,7-dimethyloctyl benzenoate a 

O

O

O

O
HO

O

O
HO

+

3.1a

3.2a

3.2a'

1,1,1-trifluoroacetone, 
8 x (Oxone, NaHCO3)

CH3CN or β-CD, 
     H2O, 8 h, rt

HH

 

Entry β-CD H2O CH3CN %Convn.b % Yield c 3.2a : 3.2a’ d

1 1.1 equiv. 10 mL --- 40 71 20 : 1 

2e --- 4 mL 6 mL 35 96 7 : 1 

3f 1.1 equiv. 4 mL 6 mL 34 75 7 : 1 

4g --- 10 mL --- 4 34 5 : 1 

a Unless otherwise indicated, reactions were conducted by stirring 0.2 mmol of 3.1a, 0.2 

mmol of 1,1,1-trifluoroacetone and 0.22 mmol of β-CD in 10 mL of water at room 

temperature with 8 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 

1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. b Conversion was calculated from the amount of 

unreacted substrate recovered by flash column chromatography. c Yield based on 

conversion. d Determined by 1H NMR. e The reaction was performed in a mixture of 4 

mL of water and 6 mL of CH3CN without β-CD. f The reaction was performed in a 

mixture of 4 mL of water and 6 mL of CH3CN. g The reaction was performed in water 

without β-CD. 
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 Then, the oxidation was conducted in a mixture of water and CH3CN with 

β-CD (entry 2). The conversion and yield (96% yield based on 35% conversion) 

was found to be similar to that in water with addition of β-CD (entry 1, 71% 

yield based on 40% conversion). However, the ratio of 3.2a to 3.2a’ decreased 

from 20 : 1 (entry 1) to 7 : 1 (entry 2). The preferential formation of 3.2a would 

be attributed to the decreased activity of the internal C-H bond towards 

electrophilic oxidation by the strong electron-withdrawing benzenoate moiety 

and the inherent steric hindrance caused by the ester group.  

When the reaction was carried out in the mixture of water and CH3CN with 

addition of β-CD (entry 3), the ratio of 3.2a to 3.2a’ was not improved (3.2a : 

3.2a’ = 7 : 1), without significant changes of conversion and yield (75% yield 

based on 34% conversion). In the presence of CH3CN, 3.1a was well dissolved in 

CH3CN, and would not bind to the hydrophobic cavity of β-CD. Therefore, the 

site-selectivity of C-H bond oxidation was not enhanced. 

According to the above experiments, it is proposed that β-CD could provide 

enhanced site-selectivity on C-H bond oxidation (20 : 1) by obstructing the 

approach of dioxirane to the internal C-H bond of the substrate through inclusion 

complex formation in water.  

 A control experiment was performed in water without addition of β-CD 
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(entry 4), only poor conversion could be obtained (34% yield based on 4% 

conversion). The low conversion would be attributed to the low solubility of the 

substrate in water. Based on the results of the experiment, it is proposed that 

β-CD could act as a reaction vessel to improve the conversion and yield of C-H 

bond oxidation by increasing the solubility of the substrate in H2O.  



85 
 

3.5 1H NMR titration for binding of 3.1a to β-CD 

 As the result shown in Table 3.2, it is proposed that β-CD enhances the 

site-selectivity of C-H bond oxidation by obstructing the approach of dioxiranes 

to the internal C-H bond of the substrate in water and acts as reaction vessel to 

improve the conversion and yield of C-H bond oxidation. This could be 

attributed to inclusion complex formation by binding the substrate into the cavity 

of β-CD. To support this supposition, it was decided to study the inclusion 

complex formation between β-CD and 3.1a by 1H NMR titration.8  

As depicted in Figure 3.5, H3 and H5 are located inside the cavity of β-CD 

when H2 and H4 are located outside β-CD, H6 represents the protons of the 

methylene moiety of the primary hydroxyl groups which are located at the rim of 

the primary face.  

H5H4

H2

H6

H3

Primary face

Secondary face  

Figure 3.5 Positions of protons located in β-cyclodextrin 
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The inclusion complexation between 3.1a and β-CD was confirmed by 1H 

NMR titration (Figure 3.6). The signals of H3 and H5 were shifted upfield 

significantly when the amount of 3.1a presented in the aqueous solution of β-CD 

increased, whereas the signals of H2 and H4 remained unchanged. This reflects 

that 3.1a only interacts with the protons inside β-CD. The upfield shift of signals 

of H3 and H5 is attributed to the increased shielding effect during inclusion 

complexation, as the water molecules in the cavity are replaced by the apolar 

guest. 8  

 

 

Figure 3.6 Partial 1H NMR spectra of a mixture of 3.1a and β-CD in D2O 

(signals of β-CD). Ratios of 3.1a : β-CD: (a) 0 : 10, (b) 1 : 9, (c) 2 : 8, (d) 

3 : 7, (e) 4 : 6, (f ) 5 : 5, (g) 6 : 4, (h) 7 : 3. 
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Figure 3.7 1H NMR titration curve for 3.1a and β-CD 

 

A 1H NMR titration curve was obtained by plotting the change of chemical 

shifts of H-3 against the ratio of 3.1a to β-CD (Figure 3.7). The stoichiometry for 

the formation of inclusion complex was 1:1, determined by extrapolating the 

curve. The association constant of the inclusion complex was 210 M-1, 

determined by Scott’s method. 10  
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3.6 Effect of Loading of β-CD on the Yield and Site Selectivity of C-H Bond 

Oxidation of 3.1a  

 The effect of loading of β-CD on the C-H bond oxidation of 3.1a has been 

investigated. The oxidation of 3.1a carried out with 1.1 equivalents of β-CD gave 

71% yield based on 40% conversion (Table 3.3, entry 3). When the loading of 

β-CD decreased, the conversion, yield, and selectivity also decreased. The 

reaction performed by using 0.1 equivalent of β-CD (entry 1) gave 40% yield 

based on 23% conversion with product ratio of 7 : 1, and the reaction performed 

by using 0.5 equivalents of β-CD (entry 2) gave 50% yield based on 32% 

conversion with product ratio of 8 : 1. Increasing the amount of β-CD to 2 , 5, 

and 10 equivalent led to enhanced selectivity yet with reduced yield. The reaction 

performed with 2 equivalents of β-CD gave 42% yield based on 34% conversion 

with product ratio of 25 : 1 (entry 4); the reaction performed with 5 equivalents 

of β-CD gave 20% yield based on 49% conversion with product ratio of 29 : 1 

(entry 5); and the reaction performed with 10 equivalents of β-CD gave 29% 

yield based on 47% conversion with product ratio of 30 : 1 (entry 6). 

Based on the 1 : 1 stoichiometry of the inclusion complex between 3.1a and 

β-CD, only one 3.1a molecule can be included in each β-CD cavity. Reviewing 

the experimental results presented in Table 3.2, only poor conversion was 
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obtained when the C-H bond oxidation of 3.1a was performed in water without 

addition of β-CD (Table 3.2, 34% yield based on 4% conversion). Thus, with less 

than 1.1 equivalents of β-CD, the conversion of C-H bond oxidation decreases, 

as not all substrate molecules are included in β-CD cavities and could not be 

oxidized efficiently. This further supports that β-CD acts as reaction vessel; only 

the substrate bound to β-CD cavity could be oxidized efficiently.  

Excess amount of β-CD than 1.1 equivalents gave higher site selectivity, it 

may because more β-CD can form inclusion complex with 3.1a, the steric 

hindrance induced by β-CD become more efficient. Excess β-CD lowered the 

yield of the reaction, it may because the aliphatic chain of 3.1a would binding to 

the cavity of excess β-CD, this obstructs the approach of dioxirane to the 

terminal C-H bond of 3.1a. 
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Table 3.3 Oxidation of 3.1a with different amounts of β-CD a 

Entry β-CD % Convn.b % Yield c 3.2a : 3.2a’d 

1 0.1 23 40 7 : 1 

2 0.5 32 50 8 : 1 

3 1.1 40 71 20 : 1 

4 2 34 42 25 : 1 

5 5 49 20 29 : 1 

6 10 47 29 30 : 1 

a Unless otherwise indicated, reactions were conducted by stirring 0.2 mmol of 3.1a, 

0.2 mmol of 1,1,1-trifluoroacetone and different loadings of β-CD in 10 mL of water at 

room temperature with 8 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 

at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. b Conversion was calculated from the amount 

of unreacted substrate recovered by flash column chromatography. c Yield based on 

conversion. d Determined by 1H NMR. 

 

 



91 
 

3.7 Effect of Different Substituents on the Site-Selectivity of C-H Bond 

Oxidation of 3,7-Dimethyloctyl Ester in the Presence of β-CD 

Upon confirmation of the inclusion complex formation between 

3,7-dimethyloctyl benzenoate (3.1a) and β-CD, the effect  of β-CD on the C-H 

bond oxidations of 4-tert-butylbenzenoate (3.1b), pivalate7 (3.1c) and acetate4b 

(3.1d) were studied. 4-tert-butylbenzenoate, pivalate and acetate moieties are 

usually used as the aromatic and aliphatic binding groups to β-CD cavity.1,2  

The reactions were performed by stirring 0.2 mmol of substrate and 0.22 mmol 

of β-CD in 10 mL of water, followed by 8 additions of 0.5 mmol of Oxone and 

1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. The results are 

summarized in Table 3.4.  
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Table 3.4 Effect of different substituents and α-, β- and γ- CDs on the 

site-selectivity of oxidation of 3,7-dimethyloctyl ester a 

O R

O

O R

O

O R

O
HO

HO

+

   1,1,1-trifluoroacetone,
    8 x (Oxone, NaHCO3)

Cyclodextrin, H2O, 8 h, r.t.

3.2a-d

3.2a'-d'

H H

3.1a, R = 3.1b, R =

3.1a-d

3.1d, R = CH33.1c, R = C(CH3)3

 

Entry Substrate CD % Convn.c % Yieldd 3.2a-d : 3.2a’-d’e

1 3.1a α 6 55 6 : 1 

2 3.1a β 40 71 20 : 1 

3 3.1a γ 17 81 7 : 1 

4b 3.1a - 35 96 7 : 1 

5 3.1b α 34 23 11 : 1 

6 3.1b β 40 40 12 : 1 

7 3.1b γ 28 22 5 : 1 

8b 3.1b - 52 56 7 : 1 

9 3.1c α 41 18 3 : 1 

10 3.1c β 61 20 12 : 1 

11 3.1c γ 45 19 4 : 1 

12b 3.1c - 54 39 4 : 1 



93 
 

13 3.1d α 64 5 n.d. 

14 3.1d β 68 24 5 : 1 

15 3.1d γ 73 39 10 : 1 

16b 3.1d - 54 61 4 : 1 

a Unless otherwise indicated, reactions were conducted by stirring 0.2 mmol of substrate, 

0.2 mmol of 1,1,1-trifluoroacetone and 0.22 mmol of α-, β- or γ-CD in 10 mL of water 

at room temperature with 8 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 

at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. b The reaction was carried out in a mixture of 4 

mL of H2O and 6 mL of CH3CN. c Conversion was calculated from the amount of 

unreacted substrate recovered by flash column chromatography.  d Yield based on 

conversion. e Determined by 1H NMR. 

 

In the presence of β-CD, 3.1a-d (Table 3.4, entries 2, 6, 10 and 14) were 

oxidized to 3.2a-d and 3.2a’-d’ respectively. Except 3.1d (entry 14, 3.2d4 : 

3.2d’4 = 5 : 1; entry 16, 3.2d : 3.2d’ = 4 : 1), β-CD gave enhancement on the site 

selectivity of C-H bond oxidations of 3.1a, 3.1b and 3.1c (entries 2, 6 and 10). 

Compared to the control experiments performed in a mixture of water and 

CH3CN without β-CD (entries 4, 8 and 12), the ratio of 3.2a to 3.2a’ increased 

from 7 : 1 (entry 4) to 20 : 1 (entry 2); the ratio of 3.2b to 3.2b’ increased from 7 : 
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1 (entry 8) to 12 : 1 (entry 6); and the ratio of 3.2c7 to 3.2c’ increased from 4 : 1 

(entry 12) to 12 : 1 (entry 10).  

As reported in literatures, 4 the oxidation of 3,7-dimethyloctyl ester gives 

7-hydroxy-3,7-dimethyloctyl ester and 3-hydroxy-3,7-dimethyloctyl ester in a 

ratio of 5 : 1 based on the inherent electronic effect of the substrate. Compared to 

the literature reports, the site selectivity of C-H bond oxidation of 

3,7-dimethyloctyl ester obtained in the presence of β-CD is two-to-four fold 

higher than that just controlled by electronic effect .  

As illustrated in Table 3.4, the site-selectivity of C-H bond oxidation of 

3,7-dimethyloctyl ester was affected by different substituents of the esters. The 

stoichiometry for formation of inclusion complex of 3.1b and β-CD and that of 

3.1c and β-CD were found to be 1 : 1, and the association constants were 220 M-1 

and 325 M-1, respectively, which were similar to that of inclusion complex of 

3.1a and β-CD (210 M-1). The difference in site-selectivity could not be related to 

their comparable association constants. Thus, we decided to study the binding 

geometry of esters with different substituents to β-CD by 2D ROESY 

experiments8 in order to provide hints on the difference in site-selectivity. 
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3.8 Studies of the Binding Geometry between 3,7-Dimethyloctyl Esters and 

β-CD through 2D ROESY Experiments 

Owing to the low solubility of the substrates (3,7-dimethyloctyl ester) in 

water, attempts to perform 2D ROESY experiments8 for the inclusion complexes 

between the substrates and β-CD were not successful (the signals of the 

substrates in 2D ROESY spectra are very weak). Therefore, we used methyl 

esters of different substituted groups as models to study the binding geometry of 

the anchors to β-CD. Methyl benzenoate (3.3a), methyl 4-tert-butylbenzenoate 

(3.3b) and methyl pivalate (3.3c) are selected as the model compounds of 3.1a, 

3.1b and 3.1c, respectively (Figure 3.8).  
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O
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3.1c

3.1b

 

Figure 3.8 Model compounds of 3,7-dimethyloctyl ester for 2D ROESY 

experiments 
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Figure 3.9 shows the 2D ROESY spectrum of the binding of 3.3a to β-CD. 

Both o-H and m-H of the phenyl group in 3.3a have strong NOE correlation 

signals with H-3 and H-5 of β-CD, whereas p-H of 3.3a shows no correlation 

signal with any protons of β-CD, suggesting that the phenyl group deeply inserts 

into the β-CD cavity and p-H is exposed outside the cavity. Besides, as H-6 of 

β-CD shows no NOE correlation signal with any protons of the phenyl group in 

3.3a, this reveals that p-H of 3.3a is exposed outside the secondary face of β-CD. 

Considering the 1 : 1 stoichiometry of the inclusion complexation between 3.1a 

and β-CD, the possible binding geometry of benzenoate group of 3.3a is 

proposed as shown in Figure 3.10. 
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Figure 3.9 Partial contour plot of 600 MHz 2D ROESY spectrum for binding of 

3.3a to β-CD in D2O 
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Figure 3.10 Proposed binding geometry for the inclusion of 3.3a and -CD. 

 

β
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In the 2D ROESY spectrum for binding of 3.3b to β-CD (Figure 3.11a and 

3.11b), the protons of the tert-butyl group and the protons at the m-position of the 

phenyl ring part have strong NOE correlation signals with H-3 and H-5 of β-CD 

while the protons at the o-position of the phenyl ring only shows the weak 

correlation signal with H-6 of β-CD. This suggests that the 

4-tert-butylbenzenoate inserts into β-CD from the primary face. The tert-butyl 

group is completely included in the β-CD cavity, and just half of the phenyl ring 

inserts to the β-CD cavity. As the stoichiometry for the formation of inclusion 

complex of 3.2b and β-CD is 1 : 1, the possible binding geometry of 

4-t-butylbenzenoate moiety of 3.3b is proposed as depicted in Figure 3.12. 

 

Figure 3.11a Partial contour plot of 600 MHz 2D ROESY spectrum for binding 

of 3.3b (tert-butyl moiety) to β-CD in D2O 
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Figure 3.11b Partial contour plot of 600 MHz 2D ROESY spectrum for binding 

of 3.3b (phenyl ring moiety) to β-CD in D2O 
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Figure 3.12 Proposed binding geometry for the inclusion of 3.3b and β-CD. 

β 
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From the 2D ROESY spectrum for binding of 3.3c to β-CD (Figure 3.13), 

the protons of the tert-butyl group have NOE correlation signal with H-3, H-5 

and H-6 of β-CD with different intensities. The NOE signal between the protons 

of the tert-butyl group and H-3 is the strongest, and that between the protons of 

the tert-butyl group and H-5 is moderate, while that between the protons of the 

tert-butyl group and H-5 is the weakest. Based on these findings, it was predicted 

that the tert-butyl group enters the cavity of β-CD from the secondary face, 

unlike 3.3a and 3.3b. As the stoichiometry for formation of inclusion complex of 

3.2c and β-CD is 1 : 1, the possible binding geometry of tert-butyl group of 3.3c 

to β-CD is proposed as shown in Figure 3.14. 

 

Figure 3.13 Partial contour plot of 600 MHz 2D ROESY spectrum for binding of 

3.3c to β-CD in D2O. 
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Figure 3.14 Proposed binding geometry for the inclusion of 3.3c and β-CD. 

 

3.9 The Effect of Different Binding Geometries of the Substituents on the 

Site-Selective C-H Bond Oxidation of 3,7-Dimethyloctyl Esters 

 As mentioned in the previous sections, in the presence of β-CD, the 

site-selectivity of C-H bond oxidation of 3,7-dimethyloctyl ester varied with 

different substituents. Based on the 2D ROESY study of the binding geometries 

between the model compounds of 3.1a-c and β-CD, it could be reasoned that the 

different binding geometries of the substituents to β-CD would affect the 

site-selectivity of C-H bond oxidation of 3,7-dimethyloctyl esters (Figure 3.15).  

Due to the deep inclusion of the benzenoate group of 3.1a into the cavity of 

β-CD, the internal tertiary C-H bond of 3.1a would be well protected by steric 

hindrance induced by β-CD, the dioxirane would preferentially oxidize the more 

exposed tertiary C-H bond at the terminal position, leading to highly 

site-selective C-H bond oxidation (Table 3.4, entry 2, 3.2a : 3.2a’ = 20 : 1).  
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Figure 3.15 Schematic diagrams for site selective C-H bond oxidation of 3.1a-c
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Referring to the binding geometry of 3.3b to β-CD, only the tert-butyl 

moiety and half of the phenyl ring were included in the cavity of β-CD during the 

inclusion complex formation with 4-tert-butyl benzenoate. Based on this binding 

mode, in the case of 3.1b, the internal tertiary C-H bond was more distant from 

β-CD. Thus, the steric hindrance induced by β-CD was smaller, and dioxirane 

could more easily oxidize the internal tertiary C-H bond, leading to the decrease 

in the site-selectivity of C-H bond oxidation (Table 3.4, entry 6, 3.2b : 3.2b’ = 

12 : 1).  

The reason for the lower site-selectivity induced by β-CD in the oxidation of 

3.1c is similar to that of 3.1b. The tert-butyl group of 3.1b was in proximity to 

H-3 located at the rim of β-CD and not to be included in the β-CD as deep as the 

phenyl group of 3.1a. The distance between β-CD and the internal tertiary C-H 

bond of 3.1c was longer. The protection of the internal tertiary C-H bond by the 

induced steric hindrance of β-CD was less significant. Hence, the site-selectivity 

of the oxidation of 3.1c decreased (Table 3.4, entry 10, 3.2c : 3.2c’ = 12 : 1).  



104 
 

 

3.10 Effect of different CDs on the site-selective C-H bond oxidation  

 Apart from β-CD, the effect of α-CD and γ-CD on the site-selective 

oxidation of 3,7-dimethyloctyl esters has been examined, and the results are 

shown in Table 3.4.  

In the presence of α-CD, 3.1a was oxidized to 3.2a and 3.2a’ with 55% 

yield based on 6% conversion (entry 1, 3.2a : 3.2a’ = 6 : 1); 3.1b was oxidized to 

3.2b and 3.2b’ with 23% yield based on 34% conversion (entry 5, 3.2b : 3.2b’ = 

11 : 1); 3.1c was oxidized to 3.2c and 3.2c’ with 18% yield based on 41% 

conversion (entry 9, 3.2c : 3.2c’ = 3 : 1); 3.1d was oxidized to 3.2d and 3.2d’ 

with 5% yield based on 64% conversion (entry 13, the ratio of 3.2d : 3.2d’ was 

not determined as the signal of products in 1H NMR spectrum was not 

observable).  

In the presence of γ-CD, 3.1a was oxidized to 3.2a and 3.2a’ with 81% yield 

based on 17% conversion (entry 3, 3.2a : 3.2a’ = 7 : 1); 3.1b was oxidized to 

3.2b and 3.2b’ with 22% yield based on 28% conversion (entry 7, 3.2b : 3.2b’ = 

11 : 1); 3.1c was oxidized to 3.2c and 3.2c’ with 19% yield based on 45% 

conversion (entry 11, 3.2c : 3.2c’ = 3 : 1); 3.1d was oxidized to 3.2d and 3.2d’ 

with 39% yield based on 73% conversion (entry 15, 3.2d : 3.2d’ = 10 : 1). 
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Generally, the oxidation of 3,7-dimethyloctyl esters performed in the 

presence of α-CD and γ-CD gave poor conversion and yield, and the 

site-selectivity was not significantly enhanced. This would be attributed to the 

low binding constants of the substrates to α-CD and γ-CD, which were supported 

by 1H NMR titration. The poor binding of the substrates to the cavities of α-CD 

and γ-CD could not increase solubility of the substrates in water, and hence lower 

the conversion and yield were resulted. Moreover, owing to the weak binding of 

the substrates to the CD cavity, the dioxirane could not be efficiently obstructed 

to oxidize the internal C-H bond, leading to no enhancement on the 

site-selectivity.  
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3.11 Conclusion  

 In summary, site-selective C-H bond of 3,7-dimethyloctyl esters was 

achieved by supramolecular approach using β-CD. In the presence of β-CD in 

water, 3,7-dimethyloctyl esters were oxidized to 7-hydroxy-3,7-dimethyloctyl 

esters and 3-hydroxy-3,7-dimethyloctyl esters smoothly in water by dioxirane 

generated in situ, with site selectivity enhancement. The product ratios of 

7-hydroxy-3,7-dimethyloctyl ester to 3-hydroxy-3,7-dimethyloctyl ester were 

found to be 12 : 1 to 20 : 1, as determined by 1H NMR analysis of the crude 

reaction mixtures. These product ratios were two to three-fold higher than the 

product ratios (4 : 1 to 7 : 1) given by the reactions performed in a mixture of 

water and acetonitrile. As indicated by 2D ROESY experiments, the site 

selectivity would be related to the binding geometries.  
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3.12 Experimental Section 

3.12.1 Experimental Procedure  

(a) General Procedure for Site-selective C-H Bond Oxidation of 

3,7-Dimethyloctyl Esters with Two Tertiary C-H Bonds with Cyclodextrins 

To a mixture of 0.2 mmol of 3,7-dimethyloctyl ester and 0.22 mmol of 

cyclodextrin, 10 mL of water was added, followed by addition of 0.2 mmol of 

1,1,1-trifluoroacetone. Then, the reaction mixture was treated with 8 additions of 

0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h 

and 7 h. After stirring for 8 h at room temperature, the resulting mixture was 

extracted by ethyl acetate (3 × 20 mL). The combined organic extract was dried 

over anhydrous Na2SO4, and the organic solvent was evaporated under reduced 

pressure. The residue was then dissolved in CDCl3 for the analysis of the product 

ratio by 1H NMR spectroscopy. The yield and conversion were obtained by flash 

column chromatography.  

(b) 1H NMR titration experiments and Scott’s plots of 3a-c 

The mixtures of 3a-c and β-CD for the 1H NMR titration experiments were 

prepared by mixing indicated volume of (i) 3a-c stock solutions (0.5 M, 0.25 

mmol of 3a-c in 0.5 mL of D6-acetone), (ii) β-CD stock solution (0.01 M, 0.1 
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mmol of β-CD in 10 mL of D2O), and (iii) D2O according to Table 3.5. The final 

volumes of the mixtures were ~ 0.5 mL.  

Table 3.5 Amount of 3.1a-c, β-CD, and D2O for 1H NMR titration. 

Entry Ratio of 3.1a-c : 

β-CD 

Volume of 3.1a-c 

stock solutions 

(μL) 

Volume of β-CD 

stock solution 

(mL) 

Volume of 

D2O (mL) 

1 0 : 10 0 0.50 0 

2 1 : 9 1 0.45 0.05 

3 2 : 8 2 0.40 0.10 

4 3 : 7 3 0.35 0.15 

5 4 : 6 4 0.30 0.20 

6 5 : 5 5 0.25 0.25 

7 5.5 : 4.5 6 0.25 0.25 

8 6 : 4 6 0.20 0.30 

9 6.7 : 3.3 6 0.15 0.35 

10 7 : 3 7 0.15 0.35 

Remarks: In general, the mixtures with high ratio of β-CD are opaque and 

viscous (entries 1-7) while transparent solutions are observed in the mixtures 

with low ratio of β-CD (entries 8-10). 
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The mixtures were subjected to 1H NMR analysis. The changes of the chemical 

shift of H3 of β-CD (with the chemical shift of H4 of β-CD as the internal 

reference) are obtained as Δδobs which is used for the calculation of the binding 

constant (shown as tables 3.6, 3.7 and 3.8).  

Table 3.6 Δδobs of H3 of β-CD in 1H NMR titration of 3.1a and β-CD. 

Entry Ratio of 3.1a : β-CD δH3- δH4 Δδobs = (δH3- δH4)i - (δH3- δH4)f

1 0 : 10 0.380 0 

2 1 : 9 0.377 0.003 

3 2 : 8 0.374 0.006 

4 3 : 7 0.368 0.012 

5 4 : 6 0.367 0.013 

6 5 : 5 0.361 0.019 

7 5.5 : 4.5 0.359 0.021 

8 6 : 4 0.359 0.021 

9 6.7 : 3.3 0.357 0.023 

10 7 : 3 0.358 0.022 
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Table 3.7 Δδobs of H3 of β-CD in 1H NMR titration of 3.1b and β-CD. 

Entry Ratio of 3.1b : β-CD δH3- δH4 Δδobs = (δH3- δH4)i - (δH3- δH4)f

1 0 : 10 0.381 0 

2 1 : 9 0.378 0.003 

3 2 : 8 0.376 0.005 

4 3 : 7 0.369 0.012 

5 4 : 6 0.368 0.013 

6 5 : 5 0.365 0.016 

7 5.5 : 4.5 0.359 0.022 

8 6 : 4 0.358 0.023 

9 6.7 : 3.3 0.358 0.023 

10 7 : 3 0.360 0.021 

 



111 
 

Table 3.8 Δδobs of H3 of β-CD in 1H NMR titration of 3.1c and β-CD. 

Entry Ratio of 3.1c : β-CD δH3- δH4 Δδobs = (δH3- δH4)i - (δH3- δH4)f

1 0 : 10 0.382 0 

2 1 : 9 0.377 0.005 

3 2 : 8 0.370 0.012 

4 3 : 7 0.368 0.014 

5 4 : 6 0.363 0.019 

6 5 : 5 0.356 0.026 

7 5.5 : 4.5 0.353 0.029 

8 6 : 4 0.354 0.028 

9 6.7 : 3.3 0.352 0.030 

10 7 : 3 0.349 0.033 
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The binding constants (K) of 3.1a-c to β-CD were calculated by fitting Δδobs into 

Scott’s plot as the equation shown below: 7 

[3.1a-c]normal / Δδobs = [3.1a-c] normal / Δδmax + Δδmax / K 

where [3.1a-c] normal is the concentration of 3.1a-c with normalized concentration 

of β-CD, Δδobs is the observed change of the chemical shift of H3 of β-CD at 

different concentrations of 3.1a-c, Δδmax is the maximum change of the chemical 

shift of H3 of β-CD.  

Table 3.9 Data of Scott’s plot of 1H NMR titration of 3.1a and β-CD  

[3.1a]normal (M) Δδobs [3.1a]normal / Δδobs [3.1a] normal / Δδmax (Δδmax = 0.021)

5×10-7 0.003 2.38×10-5 1.67×10-4 

1.125×10-6 0.006 5.36×10-5 1.88×10-4 

1.929×10-6 0.012 9.18×10-5 1.61×10-4 

3×10-6 0.013 1.43×10-4 2.31×10-4 

4.5×10-6 0.019 2.14×10-4 2.37×10-4 

5.4×10-6 0.021 2.57×10-4 2.57×10-4 

6.75×10-6 0.021 3.21×10-4 3.21×10-4 

9×10-6 0.023 4.29×10-4 3.91×10-4 

1.05×10-5 0.022 5.00×10-4 4.77×10-4 
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Figure 3.16 Scott’s plot of 1H NMR titration of 3.1a and β-CD 

Table 3.10 Data of Scott’s plot of 1H NMR titration of 3.1b and β-CD  

[3.1b]normal (M) Δδobs [3.1b]normal / Δδobs [3.1b] normal / Δδmax (Δδmax = 0.026)

5×10-7 0 3.13×10-5 1.67×10-4 

1.125×10-6 0.003 7.03×10-5 2.25×10-4 

1.929×10-6 0.005 1.21×10-4 1.61×10-4 

3×10-6 0.012 1.88×10-4 2.31×10-4 

4.5×10-6 0.013 2.81×10-4 2.81×10-4 

5.4×10-6 0.016 3.38×10-4 2.25×10-4 

6.75×10-6 0.022 4.22×10-4 2.93×10-4 

9×10-6 0.023 5.63×10-4 3.91×10-4 

1.05×10-5 0.023 6.56×10-4 5.00×10-4 
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Figure 3.17 Scott’s plot of 1H NMR titration of 3.1b and β-CD 

Table 3.11 Data of Scott’s plot of 1H NMR titration of 3.1c and β-CD  

[3.1c]normal (M) Δδobs [3.1c]normal / Δδobs [3.1c] normal / Δδmax (Δδmax = 0.026)

5×10-7 0 1.92×10-5 1.00×10-4 

1.125×10-6 0.005 4.33×10-5 9.37×10-5 

1.929×10-6 0.012 7.42×10-4 1.38×10-4 

3×10-6 0.014 1.15×10-4 1.58×10-4 

4.5×10-6 0.019 1.73×10-4 1.73×10-4 

5.4×10-6 0.026 2.08×10-4 1.86×10-4 

6.75×10-6 0.029 2.60×10-4 2.41×10-4 

9×10-6 0.028 3.46×10-4 3.00×10-4 

1.05×10-5 0.030 4.04×10-4 3.18×10-4 
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Figure 3.18 Scott’s plot of 1H NMR titration of 3.1c and β-CD 
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3.12.3 Characterization Data of 3,7-Dimethyloctyl Esters 3.1b, 3.2b, 3.2b’ 

and 3.2c’ 

O

O

3.1b  

Synthesis: To 0.1 mmol of DMAP in 5 mL of distilled dichloromethane under 

nitrogen atmosphere, 1 mmol of 3,7-dimethyl 1-octanol was added, followed by 

addition of 5 mmol of triethylamine and dropwise addition of 1.2 mmol of 

4-tert-butylbezoyl chloride. After stirring the reaction mixture overnight under 

nitrogen atmosphere, the reaction was quenched by addition of 10 mL of water. 

The resulting solution was extracted with 10 mL of dichloromethane. The 

organic extract was then washed with 10 mL of 3.7% hydrochloric acid, 10 mL 

of saturated solution of sodium bicarbonate and 10 mL of brine. The organic 

solvent was evaporated under reduced pressure. The resulted product was 

purified by flash column chromatography, dissolved in CDCl3 and analyzed by 

1H NMR spectroscopy.  

Characterization: Colorless liquid; analytical TLC (silica gel 60) (2% EtOAc in 

n-hexane), Rf = 0.54; 1H NMR (500 MHz, CDCl3) δ 7.98−7.96 (d, 2H), 7.46−

7.44 (d, 2H), 4.38-4.30 (m, 2H), 1.83-1.76 (m, 1H), 1.67-1.60 (m, 1H), 1.59-1.49 

(m, 1H), 1.38-1.22 (m, 12H), 1.18-1.13 (m, 3H), 0.96-0.95 (d, 3H), 0.87-0.86 (d, 

6H); 13C NMR (75.47 MHz, CDCl3) δ 166.64, 156.61, 129.39, 127.46, 125.35, 
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72.04, 61.59, 44.78, 42.87, 39.85, 39.44, 35.08, 31.11, 29.70, 27.97, 27.19, 22.58, 

21.75; HRMS (ESI) m/z calcd. C21H34O2Na [M + Na]+: 341.2457, found 

341.2466. 

 

 

 

Colorless liquid; analytical TLC (silica gel 60) (20% EtOAc in hexane), Rf = 

0.48; 1H NMR (500 MHz, CDCl3) δ 7.98−7.96 (d, 2H), 7.46−7.44 (d, 2H), 

4.39-4.31 (m, 2H), 1.84-1.78 (m, 1H), 1.71-1.62 (m, 1H), 1.61-1.54 (m, 1H), 

1.47-1.32 (m, 15H), 1.27-1.22 (m, 1H), 1.21 (s, 6H), 0.98-0.96 (d, 3H); 13C NMR 

(75.47 MHz, CDCl3) δ 166.69, 156.42, 129.39, 127.70, 125.28, 70.94, 63.25, 

44.11, 37.41, 35.60, 31.12, 29.98, 29.29, 29.22, 21.64, 19.57; HRMS (ESI) m/z 

calcd. C21H35O3 [M + H]+: 335.2586, found 335.2598. 

 

O

O
HO

3.2b'
 

Colorless liquid; analytical TLC (silica gel 60) (20% EtOAc in hexane), Rf = 

0.52; 1H NMR (500 MHz, CDCl3) δ 7.96−7.94 (d, 2H), 7.46−7.44 (d, 2H), 

4.49-4.47 (t, 2H), 2.00-1.91 (m, 2H), 1.64-1.48 (m, 5H), 1.35-1.32 (m, 12H), 

1.26-1.27 (s, 3H), 0.88-0.84 (dd, 6H); 13C NMR (75.47 MHz, CDCl3) δ 166.82, 

O

O
HO

3.2b
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156.82, 129.61, 127.71, 125.56, 72.24, 61.80, 43.09, 40.08, 39.66, 35.28, 31.33, 

28.18, 27.41, 22.79, 21.95; HRMS (ESI) m/z calcd. C21H35O3 [M + H]+: 

335.2586, found 335.2573. 
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3.12.4 1H NMR Spectra of Site-selective C-H Bond Oxidation of Aliphatic 

Esters with Two Tertiary C-H Bonds  

Table 3.1, entry 1 

 

Table 3.1, entry 2 

 

O

O
HO

3.2a'

O

O
HO

3.2a

O

O

3.1a

O

O
HO

3.2a'

O

O
HO

3.2a

O

O

3.1a
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Table 3.2, entry 1 

 

 

Table 3.2, entry 2 
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O
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O
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Table 3.2, entry 3 

 

Table 3.2, entry 4 
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O
HO

3.2a'

O

O
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3.2a' O

O
HO
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Table 3.3, entry 1 

 

Table 3.3, entry 2 

 

3.2a 3.2a’ 

3.2a 3.2a’ 
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Table 3.3, entry 4 

 

Table 3.3, entry 5 

 

3.2a 3.2a’ 

3.2a 3.2a’ 
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Table 3.3, entry 6 

3.2a 3.2a’ 
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Table 3.4, entry 1 
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Table 3.4, entry 3 

 

Table 3.4, entry 5 
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Table 3.4, entry 6 

 

Table 3.4, entry 7 
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Table 3.4, entry 8 

 

Table 3.4, entry 9 
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Table 3.4, entry 10 

 

Table 3.4, entry 11 
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Table 3.4, entry 12 

 

Table 3.4, entry 14 
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Table 3.4, entry 15 

 

Table 3.4, entry 16 
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Chapter 4  

Selective C-H Bond Oxidation of Hydrocarbon Mixtures by 

Supramolecular Approach 

 

4.1 Introduction   

 In Chapter 3, the effects of CDs on site-selective C-H bond oxidation have 

been studied. In the presence of β-CD, 3,7-dimethyloctyl benzenoate was 

oxidized to 7-hydroxy-3,7-dimethyloctyl benzenoate and 

3-hydroxy-3,7-dimethyloctyl benzenoate in 71% yield based on 40% conversion 

with the product ratio of 20 : 1, by methyl (trifluoromethyl) dioxirane generated 

in situ in water. No reaction occurred without β-CD. By 1H NMR titration, 

inclusion complex formation between 3,7-dimethyloctyl benzenoate and β-CD 

was confirmed. This reveals that β-CD would act as reaction vessel1 in water to 

facilitate C-H bond oxidation by binding the substrate in its hydrophobic cavity 

(Figure 4.1).  
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Figure 4.1 (a) No C-H bond oxidation occurs in water in the absence of β-CD. (b) 

C-H bond oxidation occurs in water in the presence of β-CD. 

 

After studying the effect of CDs on site-selective C-H bond oxidation, we 

would like to explore the possibility of selective C-H bond oxidation of 

hydrocarbon mixtures in water. As β-CD gave enhancement on C-H bond 

oxidation, it was interesting to see whether it would exhibit selectivity of C-H 

bond oxidation of hydrocarbon mixtures. As a proof-of concept, cumene and 

ethyl benzene were chosen as the substrates. Cumene is an aromatic compound 

with an isopropyl group while ethyl benzene is an aromatic compound with an 

ethyl group as the substituent.  
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4.2 Effect of β-CD on the Oxidation of Cumene 

 Initially, the effect of β-CD on the oxidation of cumene was examined. The 

reaction was performed at room temperature by using 0.2 mmol of cumene, 0.22 

mmol of β-CD and 0.2 mmol of 1,1,1-trifluoroacetone in 10 mL of water with 

eight additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 

3 h, 4 h, 5 h, 6 h and 7 h (Table 4.1, entry 1). By analysis of the crude reaction 

mixture by gas chromatography (GC) with n-decane as internal standard (Figure 

4.2), it was found that cumyl alcohol in 32% yield was obtained with 38% 

recovery of cumene. Through 1H NMR titration experiment, the inclusion 

complex formation between cumene and β-CD in water was confirmed. 

According to the literatures, the stoichiometry of cumene-β-CD inclusion 

complex is 1 : 1.11  

Cumyl alcohol is a by-product in process of phenol production,2 which can 

be utilized to synthesize alpha-methyl styrene (AMS) by dehydration.3 AMS is 

starting material in the synthesis of heat resistant acrylonitrile butadiene styrene 

(ABS) resin.4  
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Table 4.1 Oxidation of cumene a 

Cumyl alcoholCumene

OH
1,1,1-trifluoroacetone,
8 x (Oxone, NaHCO3)

 β-CD or CH3CN, 
   H2O, 8 h, r.t.

 

Entry Condition % Yield b % recovery of starting material b

1 H2O + β-CD 32 38 

2 H2O 0 3% 

3 H2O + CH3CN 4 63 

a Unless otherwise indicated, reactions were conducted by stirring 0.2 mmol of cumene, 

0.2 mmol of 1,1,1-trifluoroacetone and 0.22 mmol of β-CD in 10 mL of water at room 

temperature with 8 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 at 0 h, 1 

h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. b Obtained by GC analysis of crude reaction mixture 

using authentic standards. c The reaction was performed without β-CD. d The reaction 

was performed in 4 mL of water and 6 mL of CH3CN without β-CD. 
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Figure 4.2 GC-FID chromatograph of the crude product mixture of 

dioxirane-based cumene oxidation in the presence of β-CD. 

 

The reaction was then performed in the absence of β-CD (Entry 2). Based 

on the GC analysis of the crude product mixture, no cumyl alcohol was obtained. 

This would be attributed to the low solubility of cumene in water. Noted that 

only 3% of cumene could be recovered. The low recovery of cumene is likely 

due to the evaporation of cumene during the reaction. These findings show that 

β-CD could reduce the loss of volatile substrates through inclusion complex 

formation.5  

Cumene 

n-decane 

Cumyl alcohol 
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The dioxirane-based cumene oxidation in a mixture of water and CH3CN 

was examined (Entry 3). In a mixture of 4 mL of water and 6 mL of CH3CN in 

the absence of β-CD, cumyl alcohol in 4% yield with 63% cumene recovery was 

resulted. This result shows that the evaporation of cumene could be reduced in 

the presence of water-miscible CH3CN, but the oxidation of cumene would not 

be enhanced, although cumene was well dissolved in the solvent system. This 

would be due to the excessive formation of Na2SO4 by the reaction of Oxone and 

NaHCO3. The high ionic strength induced by a large amount of Na2SO4 would 

lead to biphasic separation of water and acetonitrile. In biphasic system, the 

dioxiranes in aqueous phase was decomposed rapidly by Oxone, and only small 

amount of dioxirane could pass to organic phase for cumene oxidation. As a 

result, poor conversion of cumene was obtained.  

 

4.3 Effect of β-CD on the Oxidation of Ethyl Benzene  

 Besides cumene, the effect of β-CD on the oxidation of ethyl benzene has 

been examined. The reaction was performed at room temperature by using 0.2 

mmol of ethyl benzene, 0.22 mmol of β-CD and 0.2 mmol of 

1,1,1-trifluoroacetone in 10 mL of water with eight additions of 0.5 mmol of 

Oxone and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h 
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(Table 4.2, entry 1). The reaction gave acetophenone in 15% yield with 65% 

recovery of ethyl benzene, based on GC analysis of the crude reaction mixture.  

Acetophenone mainly comes from the Hock process in phenol production 

from cumene.6 It can also be produced from oxidation of ethyl benzene in 

oxygen at 130 ℃ and 0.5 MPa with magnesium salt or cobalt salt of fatty acids 

as catalysts in 25% conversion.7 Our findings provide a new alternative for 

acetophenone production in H2O at ambient temperature without using metal 

catalyst. Acetophenone is mainly used to synthesize resin by the reaction with 

formaldehyde and base through Aldol condensation2,8 and synthesize styrene.2,5 It 

is also widely used in organic synthesis, particularly for pharmaceutical industry. 

9 Moreover, it can be used as flavor additive for food.10  
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Table 4.2 Oxidation of Ethyl Benzene a 

AcetophenoneEthyl benzene

O1,1,1-trifluoroacetone,
8 x (Oxone, NaHCO3)

β-CD or CH3CN, 
     H2O, 8 h, r.t.

 

Entry Conditions % Yield b % Recovery of starting material b

1 H2O + β-CD 15 65 

2c H2O 0 3 

3d H2O + CH3CN 4 73 

a Unless otherwise indicated, reactions were conducted by stirring 0.2 mmol of ethyl 

benzene, 0.2 mmol of 1,1,1-trifluoroacetone and 0.22 mmol of β-CD in 10 mL of water 

at room temperature with 8 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 

at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. b Obtained by GC analysis of crude reaction 

mixture using authentic standards. c The reaction was performed without β-CD. d The 

reaction was performed in 4 mL of water and 6 mL of CH3CN without β-CD. 

 

Without β-CD, no oxidation of ethyl benzene occurred in water and only 3% 

of ethyl benzene was recovered (Entry 2). The poor recovery of ethyl benzene 

would be due to the loss of ethyl benzene by evaporation. Owing to the low 

solubility of ethyl benzene in water, no oxidation occurred.  

The performance of dioxirane-based oxidation of ethyl benzene in a mixture 
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of water and CH3CN has also been examined (Entry 3). Without β-CD, the 

oxidation of ethyl benzene in the water-CH3CN solvent system gave 

acetophenone in 4% yield with 73% recovery of ethyl benzene. This shows that 

enhancement on oxidation of ethyl benzene which could not be achieved by 

using the water-CH3CN solvent system. 

Through the above studies, the effects of β-CD on C-H bond oxidation of 

cumene and ethyl benzene are concluded as follows:  

1) β-CD would act as reaction vessel and increase the solubility of organic 

compounds in water. This function is similar to that of water-CH3CN 

system.  

2) β-CD would reduce the loss of volatile organic compounds in water by 

formation of inclusion complex and assisting to disperse the volatile 

organic compound in water.  

3) β-CD gives enhancement on the C-H bond oxidation of cumene (32% 

yield, 38% cumene recovery) and ethyl benzene (15% yield, 65% ethyl 

benzene recovery) in water by confining them in the cavity of β-CD, this 

could not be achieved by the reaction performed in a mixture of water 

and CH3CN.  
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4.4 Effect of β-CD on the Selective Oxidation of a Hydrocarbon Mixture 

After studying the effect of β-CD on the oxidation of cumene and ethyl 

benzene, respectively, the effect of β-CD on selective oxidation of a mixture of 

cumene and ethyl benzene was investigated.  

The reaction was performed at room temperature by using 0.2 mmol of 

cumene, 0.2 mmol of ethyl benzene, 0.22 mmol of β-CD and 0.2 mmol of 

1,1,1-trifluoroacetone in 10 mL of water with eight additions of 0.5 mmol of 

Oxone and 1.55 mmol of NaHCO3 at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. 

Based on the GC analysis of the crude product mixture, acetophenone in 3% 

yield and cumyl alcohol in 23% yield were obtained with 59% ethyl benzene 

recovery and 50% cumene recovery (Table 4.3, entry 1). The reaction was then 

repeated in a mixture of water and acetonitrile in the absence of β-CD (Entry 2). 

Acetophenone in 4% yield and cumyl alcohol in 9% yield with 70% of ethyl 

benzene and 71% of cumene recovery were found.  

This set of experiments shows that β-CD would exhibit molecular 

recognition of hydrocarbon mixtures in water. In the presence of β-CD, the 

oxidation of cumene was selectively enhanced in the mixture of cumene and 

ethyl benzene. According to literature,11 the binding constant of cumene to β-CD 

(1.2×103 M-1) is about 4-fold higher than that of ethyl benzene (3.3×102 M-1). 

This would lead to preferential binding cumene by β-CD. Based on 
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Curtius-Hammett principle, the product distribution is not necessary controlled 

by the binding of cumene or ethyl benzene to β-CD, but from the C-H bond 

strength, and the fast equilibrium does not affect regioselectivity, but the reaction 

constant.12,13 Indeed, the selectivity of oxidation of cumene-ethyl benzene 

mixture given by the reaction with β-CD (23 : 3) was 4-fold higher than that give 

by the reaction performed in H2O-CH3CN mixture (9 : 4). This sbreveals that, the 

selective selective enhancement of cumene oxidation is not only controlled by 

the C-H bond strength, but may also affected by β-CD.  
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Table 4.3 Effect of β-CD on Selective C-H Bond Oxidation of Hydrocarbon 

Mixtures a  

Entry Hydrocarbon mixture Conditions 

Product yield (substrate 

recovery) b 

1 
+

H2O + β-CD +

O
OH

3 % (59%) 23 % (50%)

2 
+

H2O + CH3CN +

O
OH

4 % (70%) 9 % (71%)

a Unless otherwise indicated, reactions were conducted by stirring 0.2 mmol of each 

substrate, 0.2 mmol of 1,1,1-trifluoroacetone and 0.22 mmol of β-CD in 10 mL of water 

at room temperature with 8 additions of 0.5 mmol of Oxone and 1.55 mmol of NaHCO3 

at 0 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. b The yield of the reaction was obtained by GC 

analysis of crude reaction mixture using authentic standards. c The reaction was 

performed in 4 mL of water and 6 mL of CH3CN without β-CD. 
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4.5 Conclusion 

 In summary, the oxidation reactions of cumene and ethyl benzene in the 

presence of β-CD were examined. In the presence of β-CD, cumene was oxidized 

to cumyl alcohol in 32% yield and ethyl benzene was oxidized to acetophenone 

in 15% yield by dioxiranes generated in situ. In the absence of β-CD in water, no 

reaction occurred and poor recovery of starting materials was obtained. In a 

mixture of water and CH3CN, the dioxirane-based cumene oxidation and ethyl 

benzene oxidation gave poor conversions. This shows that β-CD could reduce the 

loss of cumene and ethyl benzene through evaporation, and give enhancement on 

the yield of oxidation of cumene and ethyl benzene in water.  

 Selective C-H bond oxidation of a mixture of cumene and ethyl benzene 

was achieved by supramolecular approach using β-CD. In the presence of β-CD, 

cumene was selectively oxidized in a mixture of cumene and ethyl benzene in 

water. This would be due to the preferential binding of cumene to β-CD as a 

result of its high binding constant.  
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4.6 Experimental Section 

4.6.1 Experimental Procedures 

(a) General Procedure for C-H Bond Oxidation of Hydrocarbon with 

β-CD 

To a mixture of 0.2 mmol of substrate and 0.22 mmol of β-CD, 10 mL of 

water was added, followed by adding 0.2 mmol of 1,1,1-trifluoroacetone. 

Then, the mixture was treated with 8 additions of 0.5 mmol of Oxone and 

1.55 mmol of NaHCO3 at 0 h, 2 h, 3 h, 4 h, 5 h, 6 h and 7 h. After stirring 

for 8 h, the resulting mixture was extracted by ethyl acetate (3 × 10 mL). 

The combined organic extract was dried over anhydrous Na2SO4. After 

that, 0.4 mL of the extract was mixed with a hexane solution of n-decane 

as internal standard, and made up to 0.9 mL solution by n-hexane in a 1.5 

mL vial for GC analysis.  

(b) Instrumentation of Gas Chromatographic Experiments 

Gas chromatography experiments were carried out with HP 5890 gas 

chromatograph system equipped with a flame ionization detector operated 

at 280 ℃. The injector temperature was set to be 250 ℃. The column 

used was HP 5 column (30 m × 0.32 mm × 0.25 μm film thickness). 

The carrier gas was nitrogen at 12 psi. The running mode was splitless. 
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The sample injection was done by auto sampler. 1 μL of solution was 

injected for each run.  
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4.6.2 Calibration Curve of GC Analysis  

(a) Cumene and cumyl alcohol (25 ppm – 800 ppm), internal standard: 

n-decane (5040 ppm) 
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(b) Ethyl benzene and acetophenone (25 ppm – 975 ppm), internal standard: 

n-decane (504 ppm) 
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4.6.3 Chromatogram of C-H bond Oxidation of Aromatic Substrates 

(a) Cumene oxidation in water with β-CD 

Temperature program: The temperature initially stayed at 105 ℃ for 3 min, 

then rose to 110 ℃ at the rate of 70 ℃ per min, and finally stayed at 110 

℃ for 3 min.  

Concentration of internal standard: 3111 ppm 

 

n-decane 

Cumene Cumyl alcohol 
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(b) Cumene oxidation in water  

Temperature program: The temperature initially stayed at 105 ℃ for 3 min, 

then rose to 110 ℃ at the rate of 70 ℃ per min, and finally stayed at 110 

℃ for 3 min. 

Concentration of internal standard: 3111 ppm 

 

n-decane 

Cumene 
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(c) Cumene oxidation in a mixture of water and CH3CN without β-CD 

Temperature program: The temperature initially stayed at 100 ℃ for 3 min, 

then rose to 110 ℃ at the rate of 70 ℃ per min, and finally stayed at 110 

℃ for 3 min. 

Concentration of internal standard: 311 ppm 

 

n-decane

Cumene 

Cumyl alcohol 
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(d) Ethyl benzene oxidation in water with β-CD 

Temperature program: The temperature initially stayed at 100 ℃ for 3 min, 

then rose to 180 ℃ at the rate of 70 ℃ per min, and finally stayed at 180 

℃ for 3 min.  

Concentration of internal standard: 311 ppm 

 

Ethyl benzene 

n-decane 

Acetophenone 
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(e) Ethyl benzene oxidation in water 

Temperature program: The temperature initially stayed at 100 ℃ for 5 min, 

then rose to 180 ℃ at the rate of 70 ℃ per min, and finally stayed at 180 

℃ for 2 min.  

Concentration of internal standard: 311 ppm 

 

Ethyl benzene 

n-decane 
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(f) Ethyl benzene oxidation in a mixture of water and CH3CN without β-CD 

Temperature program: The temperature initially stayed at 100 ℃ for 3 min, 

then rose to 180 ℃ at the rate of 70 ℃ per min, and finally stayed at 180 

℃ for 3 min.  

Concentration of internal standard: 311 ppm 
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(g) Oxidation of cumene-ethyl benzene mixture in water with β-CD 

Temperature program: The temperature initially stayed at 100 ℃ for 3 min, 

then rose to 180 ℃ at the rate of 70 ℃ per min, and finally stayed at 180 

℃ for 2 min.  

Concentration of internal standard: 311 ppm 
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(h) Oxidation of cumene-ethyl benzene mixture in a mixture of water and 

CH3CN without β-CD 

Temperature profile: The temperature initially stayed at 100 ℃ for 3 min, 

then rose to 180 ℃ at the rate of 70 ℃ per min, and finally stayed at 180 

℃ for 2 min.  

Concentration of internal standard: 311 ppm 
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