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CHAPTER |
INTRODUCTION

1.1 Stage of the Problem

Nowadays, the requirements of organic compounds in both laboratory and
industry are in high demands. A lot of organic molecules are naturally occurring
substances; however, some of them still need to be prepared [1, 2]. Therefore, the
understanding of the relationship between numerous functional groups and methods
of transformation is essential. In general, five major reactions including substitution,
addition, elimination, oxidation, and reduction are recognized in organic synthesis.
Among reagents used in those reactions, some cause problems due to reagent toxicity,
harsh condition process, non-recyclability of catalysts or reagents, and troubling from
using organic solvents which are volatile, toxic, and non-recoverable. Alternatively,
ionic liquids (ILs) have been developed for those reactions as new reliable catalysts or

reagents.

1.2 lonic Liquids

An ionic liquid (IL) is an organic compound with the combination of ions only
between a large organic cation and either an organic or inorganic anion. Generally, ILs
are liquid at room temperature (melting point < 100 °C); however, both of their
physical and chemical properties can be designed depending on the variation between
the two ion components. In the past decade, numerous developed ILs are synthesized
based on common cations and anions as shown in Table 1.1 [3]. According to the
literature [1.3], ILs can be used as multifunctional compounds in catalytic reactions
such as catalyst, co-catalyst, support or ligand, and solvent. As solvent, ILs not only
can support catalyst; especially transition metal salts, but also act as catalyst

themselves.



Table 1.1 Most common cation and anion components for general ILs
Cations Anions
Ri+,R2 Rit, Rz
R{ R, R{ R, CU/[ALCL]
(@ammonium)  (phosphonium) [CU, [BrT, [T
@ [NO,I, [SOa1*
R1\+/R2
S N [CF5COQT, [CF5SO5], [CH5SO5]
Rs ", [BF,]
(sulfonium) (pyridinium) !
[PFel
Ri~nAN-R
RO [(CF,SO,NT
(imidazolium)

1.3 Reactions in ILs

ILs as one class of solvents are remarkable in organic synthesis, particularly
approaching to green chemistry. It is due to their properties including chemical and
thermal stability, nonflammability, non-volatibility, ILs can be considered as
environmental friendly compounds better than traditional organic solvents. In
synthesis, many studies have applied ILs as solvents with several organic reactions
based on common ILs. Moreover, ILs in some of following reactions can act as both

solvents and catalysts in the same reaction.

1.3.1 Oxidation

Numerous organic compounds can be converted into other functional groups
via oxidation in various ILs. Some examples of those reactions are displayed briefly in

Table 1.2 [4].



Table 1.2 Example reactions involving oxidations in ILs

Type of substrate Example of SM Product
RCH,OH RCHO
Alcohol
RCHOHR’ RCOR’
OH o
Phenol® :©/
quinone
RSH RS-SR
Thiol®
RSR’ RSOR’
O (0]
R)J\H R)J\OH
aldehyde carboxylic acid
Carbonyl compound®
0} O
NN AR
ketone ester
NOH o
Oxime®
R/ "R, R1)J\R2
(0] (@] O
RPN
Imide R/\N)J\R' R)J\NJ\R'
H H
Alkene o)
o SN AN
- Epoxidation R R R R
OH
OH
- Dihydroxylation$ R/\\ R)\<
R' R'
N o}
- Wacker-Type reaction R L
R Me
OH
N
Alkane' R R or
(0]
SN
) OH
Benzene’ ©/

2 [5%; 16, 71; 8, 91; ¢ [10]; © [11]; F[12]; ¢ [13]; " [14]; " [15];7 [16]



1.3.2 Transition-Metal Catalyzed Reactions

In organic chemistry, many transition-metal catalyzed reactions concerning
carbon-carbon bond formation have been operated in ILs. These reactions are

examples of those.
- Heck reaction [17]

Ph P) PACL, Et N

OBun ( 3 )2 dClZ, t3 / COzBUn
e S O
o [Bu PC_H_ IBr
3 16 33

R = H, OMe, N02 51% to 99%

Pd(PPh ) O
Br B(OH), 3q
+ >
O e ®
MeO 4 MeO

NaZCO?5 (ag) 81%
10 min, 110°C

- Suzuki coupling [18]

- Trost-Tsuji coupling [19]

PdCLZ, TPPTS
©\/\/ ethyl acetoacetate ©\/\)C\0Me
OCO,Et >~
= 2 [bmim]Br, 80°C Z CO,Et

methylcyclohexane 90%

- Sonogashira coupling [20]

PdCl (PPh )
2 32
Arl + =R > A———R
[bmim]PF6
piperidine
- Carbonylation [21]
[PdCLZ(PhCN)Z]
N , (+)-NMDPP, TsOH O'Pr
+ CO + 'PrOH — - I
(10 bar) [ mlm]BF4, cyclohexane

70°C, 20 h



- Carbonylative polymerization [22]

— (Bipy)Pd(OAc)z, 2,2-bipyridine o O
BQ, TsOH, MeOH N
[Cépyr]Nsz, CO (40 bar) n

)
<9

- Hydrogenation [23]
H , [Ph(nbd)(PPh ) JPF
2 32

6
@ [bmim]SbF6 @

96% conversion 98% selectivity

1.3.3 Other Organic Reactions

Except from oxidations, and carbon-carbon bond forming reactions, there are

other reactions utilizing ILs. Some reports are exhibited in the following information.

- Reduction of aldehydes and ketones [24]

)OJ\ NaBH_ i“
R Ry [bmim]PF6 " R Rz

R =Ph, 3-NO C H 55-99%
1 276 4

RZ = H, Ph, PhCO, PhCH(OH)

R,R =CH(CH) CH
12 2 3 2

- Diels-Alder reaction [25]

o [bmim]CF SO
0. g QL ©
OEt 20°C, 5 h CO,Et "/CO,Et

exo:endo = 1:4.5
99%




- Friedel-Crafts reaction [26]

SO,CI
[omim]CL-ALCL 0
Q- - OO
30°C, 5 h C”)
89%
- Beckmann rearrangement [27]
N,OH 0

\

I
[BPy]BF4, PCl5 NH
[bmim]PF6
BPy = N-butylpyridinium  99%

- Esterification [28]

NH, A%O NHCOCH;
R1CHC02 R1CHC02

AcOH

R20H
[EtPy]CF CO
3 2

NHCOCH;
R1CHCOJ#
70-90%

- Fischer indole synthesis [29]

o n-BPC-ALCL
©\ * )J\/ : ~ >
NHNH2 40 min, 180-185°C

N
H
n-BPC = 1-(n-butylpyridinium chloride 80%

Based on examples of the aforementioned reactions, catalytic oxidations are
noticeable because many types of substrates can be transformed via oxidation process
in ILs. Moreover, their procedures are specifically interesting when ILs as solvents

immobilized catalysts, thus leading to reusable catalytic systems.



1.4 Goal of Research

Despite having been reported over a decade on catalytic oxidation, the
application of ILs as simple, convenient, and recyclable compounds is still considered
as a challenge. The main topic of this work is the methodology for transformation of
one functional group to another. Therefore, in this research, utilization of the
combination between simple metal salt and IL as a new recyclable catalytic system

will be thoroughly investigated for the following oxidation reactions:
1. Transformation of alcohols to carbonyl compounds in ILs
2. Aromatization of cyclic dienes and N-heterocyclic compounds in ILs

3. Oxidative dehydrogenation of N-heterocycles



CHAPTER Il
OXIDATION OF ALCOHOLS IN IONIC LIQUIDS

2.1 Introduction

A carbonyl functional group is common in numeral classes of organic
compounds, as a part of many large organic structures or natural occurring species.
Carbonyl compounds are one of the most valuable substrates in chemical and
pharmaceutical science [30]. Over these past decades, copious evidences have been
found for the development of many methodologies to synthesize those compounds.
There are several general methods to prepare carbonyl compounds; especially

aldehydes, ketones, and carboxylic acids, from various precursors.

2.1.1 The Synthesis of Carbonyl Compounds

In laboratory, numerous substrates are generally used for the preparation of

carbonyl compounds in many manners [31].

- From oxidation of alcohols

=
R H R H
1° alcohol aldehyde
KMnO O
! M
R OH

carboxylic acid

N H
)O\H aZCrZO/ 2504 j\
R R' or R R'
2° alcohol KMnO4 ketone

- From oxidation of alkyl benzene

0]

ot = O

[O] = Cr O_"or MnO /H SO /heat
27 4 2 4



https://en.wikipedia.org/wiki/Functional_group

- From Friedel-Crafts acylation

(@)
0 AlCL
R
© + Rl ——— ©)L
benzene  acyl chloride acyl benzene
- From ozonolysis of alkenes
S R 1.0 o o
“e=c 5 c=0 + o=
WY Zn/H 0 = "
alkene carbonyl compound
- From reduction of acid chloride
o LIAIH(O'B O
w77 i S |
R Cl R H
acid chloride aldehyde

- From acid chloride to ketone with organometallic reagent

O R Culi O

A, —— N
R' Cl R' R
acid chloride ketone

- From hydrolysis of nitriles
H30+
R-C=N R-COOH
A

Although, carbonyl compounds can be manipulated from various sources of
starting materials, the general and simple protocols mostly stem from the oxidation of
alcohols because of the uncomplicated process, the variety and easy procreation and

commercial availability.

2.1.2 The Importance of Carbonyl Compounds

Carbonyl compounds can react with various reagents to create many other

functional groups such as alkanes, alcohols, imine derivatives, and other carbonyl
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substances. Because of the charge different between carbon and oxygen of C=0, this

position tends to be attacked by other active species, and then converted into others.

2.1.3 Oxidation of Alcohols with Common Reagents

General oxidants for alcohol oxidation are usually used while considering in
terms of their reactivity, and selectivity towards each type of alcohol. Some reagents
can control the selectivity of products which are competitively generated between
aldehyde and carboxylic acid from the oxidation of primary alcohols (Scheme 2.1) such
as chromium [32], ruthenium [32], manganese [32], activated DMSO [33], and
hypervalent iodine [34, 35] oxidizing agents.

In accordance with previous works, even though, alcohols could be oxidized to
their corresponding carbonyl products utilizing numerous reagents or catalysts, most
of them encounter some disadvantages such as using toxic reagents, occurring under
severe condition, using non-recyclable reagents or catalysts, requiring organic solvents
which have volatility, toxicity, and non-recoverability problems. In order to solve those

problems, using ILs has been found to be one of the best solutions.

H OH
R oH — R/go — R/go
1° alcohol aldehyde carboxylic acid
OH 0]
R)\R' - R)J\R'
2° alcohol ketone

Scheme 2.1 General study for alcohol oxidation

2.2 Literature Reviews

Even though ILs are highly stable and have been evaluated as media for
oxidation reactions [36], surprisingly little attention has been focused on carrying out

catalytic oxidations in ILs. For oxidation of alcohols, reactions normally require
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catalysts, and ILs which mostly used as solvents may have functions to support

catalysts; especially transition metal catalysts or act as catalysts themselves.

In alcohol oxidation, the characteristics of ILs can be designed by choosing their
components. Thus, different types of ILs show various chemical and physical
properties. In case of physical properties such as melting point, viscosity, density, water
solubility, etc., can be determined by both cation and anion parts. Solubility, which is
one of interesting properties as potential solvents, is considered to play an important
role for catalytic process with regard to recycling catalysts being homogeneous or

heterogeneous system.

In the past several years, ILs being used for oxidation of alcohols mostly
consisted of imidazolium group; especially N,N-dialkylimidazolium, on the cation part.
The anion part will be the one to contribute to the solubility of various ILs with the
same cation. ILs can be divided into two major groups based on solubility in water as

water immiscible and soluble ILs.

2.2.1 Oxidation of Alcohols in Water Immiscible lonic Liquids

The convenient methodology for the preparation of carbonyl compounds from
alcohols utilizing non-water soluble ILs has been used in a number of transition metal

catalyzed reactions. For example,

Ansari and Gree [37] reported a mild and simple catalyst containing 2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (TEMPO) and CuCl for oxidation of primary and
secondary alcohols to their corresponding aldehydes and ketones under O,
atmosphere in [omim]PF4. The allylic and benzylic alcohols were converted into their
expected products in good yield while aliphatic alcohols were less reactive. Moreover,

the IL used as solvent could be reused eight times with slight loss of the product yield.

OH TEMPO (5 mol%), CuCl (5 mol%) 0

Ry R, 02, [bmim]PFé, 65°C R1 Ry

R1 = aryls, alkyls : R2 = H, alkyls
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Bianchini and co-workers [38] displayed the oxidation of secondary alcohols
catalyzed by methyltrioxorhenium (MTO) and supported MTO (polyvinylpyridine/MTO
and polystylene/MTO) as homogeneous and heterogeneous catalysts, respectively
with hydrogen peroxide (H,0,) in [omim]PF4. The heterogeneous system could be used

to perform with the same reactions more than one time.

30% H O

272
)O\H Re-catalyst j\
Ph™ "R [brmim]PF Ph™ R

Jiang and Ragauskas [39] showed the oxidation of benzylic alcohols to their
desired carbonyl compounds utilizing a modified TEMPO (acetamide-TEMPO), HBr, and
H,O, in [bmim]PF4. The IL containing acetamide-TEMPO could be reused for other

cycles with either the same or different substrate.

-O—N NH
ko (3 mol%) H
N OH HBr (6 mol%) RIS 0]
| |
= 50% H O , [bmim]PF_ =

Lei and co-workers [40] developed IL-TEMPO as catalyst which was immobilized
in [omim]PF4-H,O in presence of NalO4 as the external oxidant for the oxidation of
benzyl alcohol. The remaining IL carrying the catalyst was able to be reused up to six

times.

[omim]PF -H O
6 2

CH,OH

NaIO4 (1.2 eq), NaBr (10 mol%)

IL-TEMPO = /N@NQJ\O N=0'

PF -
6
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Ragauskas and co-workers [41] studied the catalytic conversions of alcohols
into their expected aldehyde or ketone products by using VO(acac),/DABCO system in
[bmim]PF¢ under O, atmosphere. The catalytic system was found to be able to recycle

for the oxidation of 4-methoxybenzyl alcohol for three times.

CH,OH CHO
5 mol% VO(acaC)z, 10 mol% DABCO

[bmim]PFé, Oz’ 80°C
OMe OMe
Kumar and co-workers [42] addressed the oxidation of 3,4-dimethyoxybenzyl
alcohol catalyzed by iron(lll) porphyrin complex (ClgTAPS4FeCl) and H,O, in [bmim]PF.
The activity of the catalyst was compared with the reaction with a biocatalyst -

horseradish peroxidase (HRP) affording similar results under the same reaction

condition.
HO CL TAPS Fe(llD Os_H HO
30% HZO2 (1 eq) o
+
OMe [bmimIPF , RT, 6 h OMe 0
OMe OMe OMe
80% 13%

Cl TAPS Fe(lll) =
8 4
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Fan and co-workers [43] described RuCls-catalyzed oxidation of homopropargyl

alcohols to 1,2-allenic ketones in ILs with TBHP.

OH RuClz/TBHP ')

x - o
N [bmimIPF , 80°C R/M\\——~——-R1

Liu and co-workers [44] developed a supported ionic-liquid catalytic system for

oxidation of alcohols. A selected alcohol was also tested for catalyst recyclability.

OH 0]
PS-TEMPO resin RVKRZ n-octane R1JL

CUClQ + [bmlm]PFs
in MeOH

EOPOROHCATEOREBCROD
(BOD 6 DR o ORI 6 SR
PN d‘)?j‘\'ﬁ\g =X WA )
&) - ) -
0@ N @OE)
DD L OO [
\ T o \TA N % bmimIPF
SOSIMO N SO (bmim]PFg
AT 2 7 =
PS-TEMPO@Cu-IL COOIC " OF.

@ Cucl,

According to the above reviews, there are a lot of reports for alcohol oxidations
in water immiscible ILs; especially in [omim]PF4. Those reactions mostly performed
under the condition of using catalysts or ILs which were synthesized with specific
designs in order to obtain complicated structures that would have never been reported
before; however, the procedures may be complicated. Therefore, the development of
new systems for organic transformation by using commercially available catalysts or

ILs, or with simple method for their preparations should be concerned.

2.2.2 Oxidation of Alcohols in Water Soluble lonic Liquids

In the past decade, there has been numerous research addressing the alcohol
oxidation in water miscible ILs. The ILs mostly contained the combination of N,N-
dialkylimidazolium cation ([RMIM]*) and tetrafluoroborate (BF,) or halide (Cl" or Br)

anion. In case of BF; anion IL, 1-butyl-3-methylimidazolium tetrafluoroborate
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([lbmim]BF,), which was partially soluble in water, was the most effective because it

has been used by many reports for the transformation of alcohols. For examples,

Yadav and co-workers [45] exhibited the oxidation of various alcohols in
[bmim]BF,; promoting the corresponding products in good yield with IBX and/or DMP
as catalysts. The reactions in IL showed a faster reaction rate than using common

organic solvents with several times recyclability.

IBX and/or DMP
R4R,CHOH -  R4R,CO
[bmim]BFa, RT

Xia and co-workers [46] showed an efficient catalyst of PhI(OAc),/Mn(salen)
complex in the mixture of CH,Cl, and [bmim]BF, for preparation of ketones from
secondary alcohols. The complex remaining in the IL could be recovered and reused
for five times.

PhI(OAC)Z/Mn(salen)complex

R4R,CHOH R4R,CO
DCM/[bmimIBF , RT

Chhikara and co-workers [47] developed imidazolium decatungstate
[bmim]4[W,0043] as catalyst to oxidize benzylic and secondary alcohols affording the
desired products in high yields with H,0O,. The catalyst could be reused because of its
solubility in IL.

[bmim]W O (0.4 mol%)
10 23
OH 30% H202 (0.5 eq) 0o

A

Ri™ "Ry [omim]BF , 90°C Ri™ Ry

In the similar period, the transformation of alcohols under the condition of
using IL as a catalyst to both aldehydes and acids, selectively by controlling H,0,

concentration was investigated [48].

on NN _IPOLW(O)O2)zh °

Ri™ Re H_O, [bmim]BF Ri
2 2 4
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Sain and co-workers [49] reported the primary and secondary alcohol
conversion in [bmim]BF, with H,O, and catalytic amount of MTO and NaBr at room

temperature.

MTO (1 mol %), NaBr (5 mol%)
20% HZO2
R{R,CHOH R{R,CO
[bmim]BFa, RT

Han and co-workers [50] explored the oxidation of alcohols in [bmim]BF4 with
TBHP catalyzed by copper (I) amino acid Schiff base to afford their corresponding

carbonyl products under mild conditions.

oN
\o’Cu\O
R1R20HOH > R1 R2CO
[bmim]BFA, RT, 1h

O (1 mol%), TBHP

Lee and co-workers [51] displayed a low-reactivity iodide catalyst activated with
lithium carbonate (Li,CO;) for the preparation of carbonyl compounds from alcohol

oxidation in [bmim]BF,.

OH IZ/Li CO 0

PN ——— N

R lomim]BF Ar

Ar R

Kim and co-workers [52] addressed the oxidation of benzylic alcohols using
trichloroisocyanuric acid (TCCA) in a mixture of [bmim]BF, and H,O. This reaction clearly
explained that TCCA was activated by IL because the substrate was intact under the

condition without IL.

Ar- R [omimIBF / H O Ar
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In accordance to some examples from relating records, the oxidations in
[bmim]BF,; led to the formation of the corresponding ketones in excellent yields;
however, most of those reactions showed some disadvantages. The reactions not only
required catalysts which normally had complicated structures or specific transition
metal complex; but also, adding co-catalysts was necessary in many conditions. Then,
later or around similar time, using halide as anion part was found to be able to avoid

those problems in some cases. For instance,

Zheng and co-workers [53] reported the usage of IBX in a mixture of 1-butyl-3-
methlimidazolium chloride ([lomim]Cl) and water for the oxidation of alcohols under
mild condition. The desired carbonyl compounds were isolated from the reaction by
extracting with organic solvents in good yields. Controlling amount of IBX reagent could

provide one or two hydroxyl-group conversion on dihydroxy substrates.

OH IBX (1.1 or 2.5 eq) Q

R Rp lomim]Cl/ H O R R

Later, similar research was displayed by Chhikara et al. [54]. 2-lodoxybenzoic
acid (IBX) was immobilized in [bmim]Br as catalyst for the oxidation of 17a-
methylandrostan-3f,17B-diol (1) to generate a well-known 2-oxasteroid which is widely
used as anabolic drugs. Applying 1.2 equiv of IBX only provided the ketone product
(2) around 80% vyield, while large amount of IBX with longer reaction time generated
o,B-unsaturated ketone (3) as the major product. Other cyclic secondary alcohols were
also investigated resulting in the same trend of the model transformation.

T T T
IBX (1.2 or 2.4 eq)

[bmim]Br, 60-70°C

2hor2dh
HO O O

(1) (2) (3)

Yadav and co-workers [55] exhibited an example of the reaction using IL to
promote one-pot oxidative conjugate addition of TMSCN to Baylis-Hillman adducts.
The IL-[lomim]Br and IBX catalyst was used to generate the first step that would

constantly lead to the final product. The reaction was also treated with NaNO; and
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acidic IL-[Hmim]HSO, to study the scope of the reaction with various substrates. After
product isolation, ILs could be recycled at least four times for the same reaction.

o} o}

[bmim]Br mcoonﬂe TMSCN ©)J\[000Me
IBX, RT, 1 h RT, 2-3 h
OH CN
mCOOMe_ CN
[Hmim]HSO‘1 N COOMe TMSCN ©/'\(COOMe
NaNOB’ 80°C, 1-2 h ©/\[\o RT, 2-3 h \O

Shaabani and co-workers [56] described the oxidation of alkyl arenes and

alcohols catalyzed by NaBrO; in [omim]Br. Generally, sodium bromate could not be
used alone for oxidation with conventional solvents, the reaction should be in acid
condition or required co-reactants to activate BrOs. IL was easily recovered and reused

for the next cycles, while the catalyst was lost after the whole process.

OH (0]
l J\ l NaBrOB/[bmim]Br l ,U\ l
O O 70°C, 100 min O O
83%

Sharma and co-workers [57] demonstrated unique chemoselective oxidation of
aryl alcohols/acetates catalyzed by recyclable catalyst with the combination of
Candida antarctica lipase B (CAL-B) and 1-hexyl-3-methylimidazolium bromide
([hmim]Br) to activate H,O, without using any metal catalysts. The catalytic system
showed good functional group compatibility under neutral conditions to generate the
expected carbonyl compounds from the oxidation of various alcohols and their

derivatives with ten times for recyclability.

OR, o)
| N R, CAL-B/[hmim]Br _ | N R,
[ = 0 o V&~
R, 20% HZOZ’ 60°C R,
8-24 h

R1 = H, OMe, OCHZO, NOZ, Cl, etc.
R2 H, Methyl, Ethyl, Propyl, etc.

R3 = H, COMe
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Ramakrishna and co-workers [58] developed a coordination Co(ll) complex and
NaOCl in 1-ethyl-3-methylimidazolium chloride ([emim]Cl) to oxidize primary and
secondary alcohols. Five derivatives of Co(ll) complexes were synthesized and applied
with various ratio of [emim]Cl/NaOCl to obtain the optimum condition. Those
complexes provided little difference on the product yields mostly depending on of

their substituents.

OH Co(ll) complex/NaOCl )0]\
R "R

R R2 [emim]ClL, RT 2

ColL1: R=H, CoL2: R=Cl, ColL3: R=Br, ColL4: R= NO ColL5: R= OCH

Sinha and co-workers [59] investigated the oxidation of aryl alcohols utilizing
Pseudomonas mandelii KILPB5 and [hmim]Br in H,O, system. The carbonyl products
could be prepared from either direct-oxidation or sequential dehydration-oxidation
cleavage which led to the corresponding aryl aldehydes by losing some carbons from
aryl alcohols. Even though this biocatalytic system produced moderate yields for
direct-oxidation of 2° aryl alcohols, it offered a new biocatalytic process to gain a direct

synthesis of a few carbon shorter aryl aldehydes in better yield.

@)
P. mandelii strain KILPB5 . AN R
OH 30% H O, [hmim]Br R// (up to 46%)
PR
Ly
R
R =0OCH , Cl, NO , Br

3 2 1. [hmim]Br, MW . X OHO

R'=CH, CH CH, etc
3 2 3

2. P. mandelii strain KJLPB5 A2 (up to 85%)
30% H O R
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Around the similar period, the same group [60] developed a metal-free
chemoselective oxidation of benzyl alcohols with H,O, in [hmim]Br under microwave
irradiation. Various alcohols provided different carbonyl products depending on
electrophilic factors and nature of substrates. Comparison between benzylic and
aliphatic alcohols by carrying out under the same condition, the expected products
from benzylic substrates were the only product formed, while the other was intact. It
clearly showed that benzylic alcohols were much more reactive than aliphatic ones.
Even though this system could provide the target compounds in good vyield,

unavoidable side products were also found in some cases.

R = aryl 0
i Ar)J\R' C ool ]
(0]
j’\H [hmim]Br, MW |R = 9-anthracenyl O‘O + OOO
R™ R 30% H O
22 1) (expected product)
R=H, CH3’ C2H5’ C3H7’ etc. (unexpected product) Not found
R = aliphatic -
N.R.

With imidazolium ILs carrying halide anion, commercially available materials or
natural substances such as enzymes could be used as catalysts for alcohol oxidations
instead of using metal complexes. There are still some problems, for instance, long
reaction time still could not be evaded for those biocatalyst reactions due to their
nature that will be destroyed at high temperature. Moreover, H,O, was mainly used as
indispensably required catalysts; especially transition metal catalysts to initiate the
catalytic process [61]. Therefore, to avoid those problematic conditions, using TBHP

had been expanded in the oxidation of alcohols in ILs.

Even though, TBHP has been used by many researchers [4, 62], it have never
been addressed on the oxidation of alcohols in water soluble ILs, especially in 1-hexyl-
3-methylimidazolium bromide ([hmim]Br). Thus, this Chapter is devoted for the alcohol
oxidations with TBHP using the combination of [hmim]Brand a simple transition metal

salt that could dissolve in IL to allow the possibility of catalyst recycling.
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23 Scope of This Work

The methodology for the preparation of carbonyl compounds from the
oxidation of alcohols utilizing metal salt/ionic liquid will be focused. The objective of
this research is to develop a new catalytic system of simple transition metal
salt/uncomplicated ionic liquid in the presence of TBHP for alcohol oxidation, and to
investigate the optimal condition for the synthesis of the desired ketone. Moreover,
the oxidation of various alcohols including primary, secondary, and tertiary ones under

developed system would be considered.
2.4 Experimental

2.4.1 Instruments and Equipment

Column chromatography was performed on silica gel (Merck Kieselgel 60, 70-
230 mesh). Thin layer chromatography (TLC) was carried out on aluminum sheets
precoated with silica gel (Merck Kieselgel 60 PF,s4). Glass plate chromatography was
performed on glass 20x20 cm precoated with silica gel (Merck Kieselgel 60, 70-230
mesh). The 'H and C NMR spectra were recorded in deuterated chloroform (CDCl,)
or deuterated dimethylsulfoxide (DMSO-dg) with tetramethylsilane (TMS) as an internal
reference on the NMR Bruker Advance 400 spectrometer which operated at 399.84
MHz for 'H and 100.54 MHz for °C nuclei. The chemical shifts (8) are assigned by
comparison with residue solvent protons. The Shimadzu gas chromatography GC-14B

(FID CP-Sil 8 column) was employed to determine the quantity of the products.

2.4.2 Chemicals

All solvents used in this research were purified prior to use by standard
methodology [63] except for those which were reagent grades. The reagents used for
synthesis were purchased from Fluka, Aldrich, and TCl chemical companies or

otherwise stated and were used without further purification.
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2.4.3 General Procedure

2.4.3.1 Preparation of Alcohol Substrates

To a solution of available ketone (5.10 mmol) in 10 mL of 95% EtOH was
gradually added NaBH, (1.45 mmol) at room temperature. After having been stirred for
20 min, the reaction was quenched by adding 30 mL of water in ice bath, and then
6M HCl was dropped to the solution until it became acidic. After that, the mixture was
extracted with Et,0, and dried over anhydrous Na,SO,. After concentration, the
corresponding alcohol was obtained as a pure compound or purified by silica gel

column chromatography with EtOAc:Hexane (v/v : 3:1)

1-Phenylethanol [64]: light yellow oil; 'H NMR (CDCls) & 7.39 (m, 4H), 7.35 -
7.26 (m, 1H), 4.92 (q, J = 6.5 Hz, 1H), 2.00 (s, 1H), 1.52 (d, J = 6.5 Hz, 3H). 3C NMR (CDCls)
0 145.8, 128.5, 127.5, 125.4, 70.4, 25.1.

1-(4-Methoxyphenyl)ethanol [65]: colorless oil; 'H NMR (CDCls) & 7.32 (d, J =
8.6 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 4.87 (q, J = 6.4 Hz, 1H), 3.82 (s, 3H), 1.92 (s, 1H),
1.50 (d, J = 6.4 Hz, 3H); *C NMR (CDCl5) & 159.0, 138.0, 126.7, 113.9, 70.0, 55.3, 25.0.

1-([1,1"-Biphenyl]-4-yl)ethanol [66]: pale yellow powder; *H NMR (CDCl) &
7.62 — 7.60 (m, 4H), 7.49 - 7.45 (m, 4H), 7.39 - 7.35 (m, 1H), 4.99 (q, J = 6.4 Hz, 1H), 1.70
(brs, 1H), 1.58 (d, J = 6.5 Hz, 3H); °C NMR (CDCL,) & 144.8, 140.9, 140.5, 128.8, 127.3,
127.1, 1259, 70.2, 25.1.

1-Phenylpropanol [67]: pale brown oil; *H NMR (CDCls) & 7.39 (m, 4H), 7.35 —
7.26 (m, 1H), 4.92 (q, J = 6.5 Hz, 1H), 2.00 (s, 1H), 1.52 (d, J = 6.5 Hz, 3H). C NMR (CDCls)
0 145.8, 128.5, 127.5, 125.4, 70.4, 25.1.

Diphenylmethanol [68]: colorless solid; ‘H NMR (CDCl) & 7.50 — 7.22 (m, 10H),

5.88 (s, 1H), 1.92 (s, 1H); *C NMR (CDCl,) O 143.8, 128.5, 127.6, 126.5, 76.3.

1-(Naphthalen-2-yl)ethanol [66]: colorless solid; "H NMR (CDCl;) & 7.98 — 7.80
(m, 4H), 7.59 — 7.40 (m, 3H), 5.09 (m, 1H), 1.96 (br s, 1H), 1.61 (d, J = 6.5 Hz, 3H);
BC NMR (CDCls) & 143.2, 133.3, 132.9, 128.3, 127.9, 127.7, 126.1, 125.8, 123.8, 123.8,
70.5, 25.1.
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2.4.3.2 Preparation of Water Soluble lonic Liquids

For bromide anion ILs [59, 60], 1-bromoalkane was gradually added in the
mixture of 1-methylimidazole and toluene at room temperature under N, atmosphere.
The reaction was carried out at 30-35°C for 48 h. After that, the mixture was extracted
with EtOAc /Et,O and solvents were removed by evaporation on rotary evaporator at

60 °C for 24 h. The yield of ILs obtained were above 90%.

1-Butyl-3-methylimidazolium bromide ([bmim]Br) [69]: light yellow liquid;
"H NMR (CDCly) 8 10.02 (s, 1H), 7.58 (s, 1H), 7.47 (s, 1H), 4.21 (t, J = 7.4 Hz, 2H), 3.99 (s,
3H), 1.77 (quint, J = 7.5 Hz, 2H), 1.30 — 1.18 (m, 2H), 0.81 (t, J = 7.4 Hz, 3H); *C NMR
(CDCly) 0 136.9, 123.8, 122.2, 49.7, 36.6, 32.0, 19.3, 13.3.

1-Hexyl-3-methylimidazolium bromide ([hmim]Br) [59, 60]: light yellow
liquid; 'H NMR (CDCls) © 10.06 (s, 1H), 7.57 (s, 1H), 7.41 (s, 1H), 4.26 (t, J = 7.4 Hz, 2H),
4.06 (s, 3H), 1.85 (quint, J = 7.7 Hz, 2H), 1.34 — 1.17 (m, 6H), 0.80 (t, J = 6.9 Hz, 3H); BC
NMR (CDCls) & 137.2, 123.7, 122.0, 50.1, 36.8, 31.0, 30.2, 25.8, 22.3, 13.9.

1-Octyl-3-methylimidazolium bromide ([omimIBr) [70]: yellow liquid; 'H
NMR (DMSO-dy) & 9.22 (s, 1H), 7.81 (s, 1H), 7.73 (s, 1H), 4.17 (t, J = 7.2 Hz, 2H), 3.87 (s,
3H), 1.79 (m, 2H), 1.24 (m, 10H), 0.85 (t, J = 6.5 Hz, 3H); *C NMR (DMSO-d,) O 136.4,
123.5,122.2,48.8, 35.7, 31.1, 29.3, 28.4, 28.3, 25.4, 22.0, 13.9.

Tetrafluoroborate ILs were synthesized from anion-exchange reaction as
follows: the solution of [bmim]Br (1 equiv) and acetone (2 mL/mmol IL) was added 1
equiv of sodium tetrafluoroborate (NaBF,) with continuous stirring and a drying tube,
at room temperature during 15 h. After finishing the reaction, NaBr as the by-product
was filtered while the product was soluble in acetone. After that, an alumina column
was used to completely remove NaBr from the crude product. Finally, solvent was

removed in vacuo and the IL was obtained.

1-Butyl-3-methylimidazolium tetrafluoroborate ([bmim]BF,) [71]: yellow
liquid; 'H NMR (DMSO-dy) 8 9.08 (s, 1H), 7.75 (s, 1H), 7.69 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H),
3.85 (s, 3H), 1.77 (m, 2H), 1.27 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H); *C NMR (DMSO-d,) &
136.4, 123.6, 122.2, 48.5, 35.7, 31.3, 18.7, 13.2.
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2.4.3.3 Preparation of Water Immiscible lonic Liquids

The ILs were prepared from anion-exchange reaction between bromide anion
IL and lithium hexafluorophosphate (LiPF¢) [71]. To a solution of [bmim]Br (19 mmol)
in CH,Cl, was added LiPF4 (21 mmol) and stirred for 24 h. The precipitated chloride
salt in the suspension was filtered and the organic phase repeatedly washed with small
amount of water while checking the aqueous layer, which should have no chloride
salt by adding a concentrated AgNO; solution. Complete removal of the chloride salt
was confirmed by washing the organic phase with further two times of water. The
solvent of the upper layer was removed in vacuo and then the IL was stirred with
activated charcoal for 12 h. After that, the IL was passed through a short alumina
column (acidic and/or neutral) to afford a colorless IL, which was dried at 100 °C for

24 h with 80% yield.

1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim]PFy) [71]:
colorless oil; *H NMR (Acetone-d,) & 8.82 (s, 1H), 7.60 (s, 1H), 7.55 (s, 1H), 4.21 (t, J =
7.3 Hz, 2H), 3.91 (s, 3H), 1.79 (m, 2H), 1.25 (m, 2H), 0.81 (t, J = 7.4 Hz, 3H); *C NMR
(Acetone-d,) O 137.4, 124.8, 123.4, 50.2, 36.6, 32.7, 19.9, 13.6.

2.4.4 Typical Procedure for Oxidation of Alcohols in lonic Liquids

1-Phenylethanol as a model compound (1.7 mmol) and 2 equiv of TBHP
(5.5 M in decane) were added to a 50-mL round-bottom flask containing 1 mL of
[hmim]Br and 5.0 mol% FeCl,. After heating at 70 °C for 2 h, the reaction mixture was
extracted with Et,0O (3x10.0 mL). The organic layer was washed with distilled water,
dried over anhydrous Na,SO, and then quantified for the product yield with
naphthalene as internal standard by GC.

2.4.5 Optimum Conditions Study

2.4.5.1 Effects of Catalysts

This observation was carried out under the condition described in typical

procedure. Nine different metal chlorides: copper(l) chloride (CuCl), copper(ll) chloride



25

(CuCly), nickel(ll) chloride (NiCl,), manganese(ll) chloride (MnCl,), cobalt(ll) chloride
(CoCly), ferrous chloride (FeCl,), chromium(lll) chloride (CrCls), indium(lll) chloride (INCl,),

and ferric chloride (FeCls) were examined to compare their effects on the oxidation.

2.4.5.2 Effects of Reaction Time

Following the general procedure, several different reaction times were
investigated with 2, 5, 12, and 24 h in order to gain the maximum vyield of the ketone

product.

2.4.5.3 Effects of Reaction Temperatures

Effects of reaction temperature were studied with four different temperatures:

at room temperature (~ 28 °C), 70, 80, and 90 °C.

2.4.5.4 Effects of TBHP Concentrations

In order to study the effects of TBHP concentration under a similar protocol,
various amounts of TBHP: 0.0, 2.0, 3.0, 4.0, and 6.0 equiv based on the substrate were

observed.

2.4.5.5 Effects of Catalyst Amounts

This investigation was to compare different amounts of catalyst between 1.0,
1.5, and 5.0 mol% of the most suitable catalyst in order to find an appropriate

concentration for this catalytic system using the aforementioned method.

2.4.6 Solvent System Comparative Study

This examination was to study the effects of solvent towards the product yield,
and also the catalyst by following the optimized conditions. Seven different organic
compounds were chosen: Acetonitrile (MeCN), and Decane (CyoH,,) as organic solvents,
[bmim]Br, [hmim]Br, [omim]Br, and [omim]BF, as water soluble ILs, [bmim]PF4 as water

immiscible ILs.
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2.4.7 Recyclability Study of the Catalytic System

After finishing the reaction, the ionic-liquid residue as the mixture of FeCl; and
[hmim]Br was evaporated to remove all solvents by rotary evaporator at 50 °C for 2 h.
It was reused as the catalytic solvent for the next cycles under the aforementioned

optimum condition.

2.4.8 Oxidation of Various Alcohols in lonic Liquids

General procedure from the oxidation of 1-phenylethanol was performed by
using different types of alcohols including primary, secondary, and tertiary ones.
Moreover, several substituted benzylic alcohols were also used as starting materials.
Some starting materials were quantified, and purified by isolation with NMR and silica

gel column, respectively.

2.5 Results & Discussion

The development of a new catalytic system and the exploration of optimum

condition for the preparation of ketones from alcohols were thoroughly examined.

2.5.1 Condition Optimizations

Optimum conditions for the preparation of ketones from alcohols utilizing
transition metal salt coupled with TBHP in [hmim]Br were explored. Various parameters
such as catalysts, reaction time, reaction temperature, TBHP concentration, and
amount of catalyst were investigated. 1-Phenylethanol (1 equiv) was chosen as a
model under the typical condition: 5 mol% of catalyst, TBHP (2.0 equiv) in [hmim]Br
at 70 °C for 2h. The desired ketone product was quantified by GC using naphthalene

as an internal standard.

Acetophenone as the expected product was confirmed its identity by GC. The
mixed standards of all possible compounds in the crude reaction: 1-phenylethanol,
acetophenone, and naphthalene were analyzed by GC to check their retention times

as shown in Figure 2.1.
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Figure 2.1 GC Chromatogram of mixed standards

2.5.1.1 Effects of Catalysts

Significant differences in the reactivity of alcohols were mainly caused from
transition metal catalysts. To prove this assumption, the variation of nine different

catalysts was explored and the results are shown in Figure 2.2.

Considering the effects of catalysts on the formation of the ketone, FeCls;
clearly displayed the best result. Even though this was demonstrated that catalyst
played an important role for the reaction, the desired product was still detected under
the catalyst-free condition. Possible explanation found from the literature is shown in

Scheme 2.2.
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Figure 2.2 Effects of catalysts on oxidation of 1-phenylethanol under the typical

procedure

Without using any catalyst, TBHP acting as an initiator under heating (Scheme

2.2 — 1a) generated radical active species and then led to the oxidation of the alcohol

via a radical process [72]. In contrast, TBHP easily interacted with metal catalyst;

especially iron salt (Scheme 2.2 - 1b), and then rapidly produced an “activated oxygen

species” in form of high-valent oxenoid iron species (Fe'=0) which subsequently

reacted with alcohol before turning into the final ketone product with reduction of

iron and/or regenerating Fe'" as a consequence [73, 74].

Based on the results, FeCl; was considered as the most suitable catalyst for

further investigation. Besides the yield provided, the iron salt was chosen due to its

solubility in [hmim]Br which led to a homogeneous reusable catalytic system while

the other salts mostly were insoluble.
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Scheme 2.2 Possible mechanism for the oxidation of 1-phenylethanol with TBHP

2.5.1.2 Effects of Reaction Time

In order to gain the maximum product yield, longer reaction time: 5, 12, and

24 h, was applied to the reaction. The results are displayed in Figure 2.3.
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Figure 2.3 Effects of reaction time on the oxidation of 1-phenylethanol under

the general method
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63% Yield of the desired ketone was detected during two-hour reaction time.
Increasing reaction time tended to give higher yield (83% in 5 h); however, the yield
did not improve much even after 24 h (almost 100% without any starting material
recovery). Twelve hours which was enough to complete the reaction (91%) was not
considered as the proper reaction time because it took too long. Similar to operating
with 5 h, this reaction time was also too long comparing with previous reports.
Therefore, further investigation on the effects of other factors to improve the yield will

be carried out within 2 h.

2.5.1.3 Effects of Reaction Temperature

A few different temperatures were applied to the system to provide the
maximum Yield within short reaction time under the general protocol. The results are

presented in Figure 2.4,

90
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RT [§0
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Yield (%)

Figure 2.4 Effects of reaction temperature on 1-phenylethanol oxidation

The observation of various reaction temperatures could clearly verify the effect
of temperature on the system. When the reaction was carried out at room
temperature, the expected product was not obtained. On the other hand, the yields
were found to increase at higher temperature (70, 80, and 90 °C) with the yield up to

78%. This showed that heating was necessary for this reaction to stimulate TBHP
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turning into the active species as an initiator for the whole process as mentioned in

Scheme 2.2.

Within 2 h, at least 80 °C was sufficient to transform the alcohol to the desired
ketone with no substrate recovery; however, the reaction did not convert completely.
This implied that other parameters should have some effects towards the product

yield.

2.5.1.4 Effects of Concentration of TBHP

According to previous results, the amount of TBHP should be considered as
one of important parameters to increase the yield. The reaction was varied with 0.0,
2.0, 3.0, 4.0, and 6.0 equiv of TBHP based on substrate. The results are shown in Figure
2.5.
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Figure 2.5 Effects of TBHP concentration on the oxidation of 1-phenylethanol

Due to the TBHP coordination with FeCl; from Scheme 2.2, those results could
clearly confirm the role of TBHP as the external oxidant to the reaction system.
Without using any TBHP (0.0 equiv) no product formed; while, using higher
concentration led to increasing in yield to 77% of the expected product (2.0 equiv of
TBHP) with substrate recovery. Increasing TBHP to 3.0 equiv, the yield rapidly increased
to 93% with the complete reaction. Adding one more equivalent of TBHP (4.0 equiv)
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or doubling the amount (6.0 equiv) did not improve the yield further. Overall, only 3.0
equiv of TBHP as an excess amount was optimal in converting 1-phenylethanol to its

ketone product.

2.5.1.5 Effects of Catalyst Amounts

This observation was examined to find an appropriate amount of catalyst that
could provide the best product yield with three-catalyst concentrations: 1.0, 1.5, and

5.0 mol% catalyst. The research is displayed in Table 2.1.

Comparing with previous study using 5.0 mol% FeCls, two less amounts of
catalyst were investigated. 1.0 mol% was not enough for the reaction to be complete,
while 1.5 mol % gave the same result. Further examination thus on the effect of these
different amounts of FeCl; was explored as shown in Figure 2.6. After 120 min of the
whole process, using 5.0 mol% made the reaction finish within 60 min while the
completion by 1.5 mol% was 120 min. Considering the t;,, of each reaction, they both
offered only a few-minutes difference in a short reaction time, thus either 1.5 or 5.0
mol% of catalyst could be used for this reaction. 1.5 mol% FeCl; was selected as a

minimum amount for this new catalytic system.

Table 2.1 Effects of the amount of FeCl; on oxidation of 1-phenylethanol in

[hmim]Br?

FeCl; (mol%) Yield (%)"° MB (%)
5.0 94 94
1.5 93 93
1.0 83 93

 The reactions were conducted with 3.0 equiv of TBHP at 80 °C

® GC yield
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Figure 2.6 The comparative study on the use of 1.5, and 5.0 mol% FeCl,
on the oxidation of 1-phenylethanol

According to all of the above information, the oxidation of 1-phenylethanol
was successfully performed under these optimal factors including catalyst, reaction
time, reaction temperature, TBHP concentration, and amount of catalyst as described

in Figure 2.7.

OH (0]
1.5 mol% FeCl3

[(hmim]Br
1.7 mmol TBHP (3.0 eq)
80°C, 2 h

Figure 2.7 Optimum condition for oxidation of 1-phenylethanol in [hmim]Br

2.5.2 Comparative Study of Solvent System

This examination was studied in order to indicate the propose of using [hmim]Br
by comparing several organic compounds as solvents under optimized conditions for

1-phenylethanol. The results are displayed in Table 2.2.
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Table 2.2 Comparative study of solvent system?
Entry Solvent Yield (%) MB (%) Solubility of FeCl,

1 MeCN 97 97 X
2 Decane 97 97

3 [brmim]Br 91 91 4
4 [hmim]Br 93 93 v
5 [omim]Br 92 92 X
6 [bmim]BF, 97 97 x
7 [brmirm]PF; 90 90 X

? All of the product yields were determined by GC with an internal standard method

Both MeCN (entry 1), which is normally used as one of the best solvents for
metal catalyzed alcohol oxidation, and decane (entry 2), which is a solvent system for
TBHP solution, led to the complete reaction; however, iron catalyst could not

completely dissolve in these solvent systems.

In case of using water soluble 3-alkylimidazolium bromide ILs (entry 3-5), all of
them gave only the desired product in excellent yield. Considering the solubility of
the catalyst in ILs, FeCl; could completely dissolve in [bmim]Br (entry 3) and [hmim]Br
(entry 4) while it still remained as powder in [omim]Br (entry 5) under the same
condition. It was similar to the reaction using [bmim]BF, and [bmim]PF¢ (entries 6,7), in
which FeCl; is barely dissolved, the product even though was obtained in high yield.
These results showed that different alkyl chains or anions on the cation, and anion

parts, respectively, of the ILs could provide different results.

Overall, even though using [bmim]Br generated the same result as [hmim]Br,
there have been many reports on the oxidation in [bmim]Br [54-56] over a recent
decade. Therefore, this work only focused on a new combination of recyclable
catalytic system between FeCl; and [hmim]Br. Moreover, for those reactions that the
catalyst could not dissolve, it was because only a few miligrams of FeCl; were used, a
lot of steps thus should be applied in order to reuse those small amounts of the

catalyst.
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2.5.3 Recyclability Study of the Catalytic System

Owing to the oxidation process, the remaining ionic liquid, which was the
mixture of FeCl; and [hmim]Br, showed the same color of the metal salt. The same 'H
NMR spectrum as that of the starting system was displayed in Figure 2.8. Therefore,
the catalytic system (FeCls/[hmim]Br) was reused for next cycles in order to assess the

recyclability. The results are shown in Figure 2.9.
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I i e

r T T T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5

T T T T T T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 o
f1 (ppm)

After

I i Ul

T T T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.
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Figure 2.8 The 'H NMR spectra of the starting and the recovered ILs, respectively.
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Figure 2.9 The recycling of FeClsy/[hmim]Br on the oxidation of 1-phenylethanol
under the optimized conditions

Nine reactions were carried out successively under the optimized conditions
by using the same catalytic system. The first reaction (1°' cycle) generated the desired
product in 93% yield without any substrate recovery. Next cycles yielded the only one
ketone over 90% (2" to 8™ cycle). Moreover, the last reaction (9™ cycle) also provided
the expected product in excellent yield. Therefore, those results showed that a new
developed catalytic system could be recovered and reused at least nine times without

significant loss of the product yield.

2.5.4 Oxidation of Various Alcohols in lonic Liquids

The optimal conditions for 1-phenylethanol was further extended to various
types of alcohols including primary, secondary, and tertiary ones. The methodology

study is summarized in Table 2.3.

Various secondary alcohols could be smoothly and selectively converted to
the corresponding ketones in high to excellent yields (entries 1-8). The transformation

carried out with 1-phenylethanol (entry 1) completely generated the desired ketone
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in excellent yield. This illustrated that the benzylic position had a profound effect to
the oxidation under this developed protocol. To confirm the benzylic effect on the
oxidation of alcohols, numerous derivatives of 1-phenylethanol were chosen (entries

1-6).

Table 2.3 Oxidation of alcohols with FeCls/[hmim]Br and TBHP?

Entry Substrate Product Yield (%) MB (%)
OH 0]
1 ©)\ ©)J\ 93 93
OH O
MeO MeO
OH O
Ph Ph
OH 0]
4 ©)\/ ©)J\/ 94 94
OH O
OH O

® All reactions were carried out with substrate (1.7 mmol), 1.5 mol% FeCl,, 6.0 equiv

of TBHP (5.5 M in decane) in [hmim]Br (1mL) at 80 °C

®Isolated yield
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Table 2.3 Continue®

Entry Substrate Product Yield (%) MB (%)
OH @)
7° O/ (j 82 97
O
8 /\(\/\/ \)Y\/\/ 40b B
OH OH

38 76

T Ao Av)*
10 ©AOH @
11 ©/\AOH W 58" -

® All reactions were carried out with substrate (1.7 mmol), 1.5 mol% FeCls, 6.0 equiv

quant. quant.

of TBHP (5.5 M in decane) in [hmim]Br (1mL) at 80 °C
®Isolated yield
©0.85 mmol SM

In case of alcohols bearing substituents on a benzene ring including 4-methoxy-
1-phenylethanol (entry 2), and 1-([1,1"-biphenyl]-d-ylethanol (entry 3), the substituent
groups at para-position did not affect this reaction. For those adjacent to the benzylic
position including 1-phenylpropanol, and diphenylmethanol (entries 4-5), the alkyl or
benzyl group as steric hindrance did not show any effects on the reactions. Similarly,
naphthalenic alcohol (entry 6) was also oxidized into the desired ketone in good yield.
For other cases, the observation with cyclohexanol (entry 7) did not proceed
completely and gave the desired product in only 82% with 17% substrate recovery;,

while, a secondary allylic alcohol (1-octen-3-ol; entry 8) was transformed to the
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epoxide product instead. All of these results confirmed that the benzylic position was

obviously a crucial position for the oxidation of alcohols under this catalytic system.

Comparing with secondary alcohols, primary alcohols (entries 9-11) displayed
less reactive toward the system except for benzyl alcohol (entry 10) and the
corresponding carboxylic acid became prominent. The reaction with 1-dodecanol and
cinnamyl alcohol (entries 9, 11) provided the desired acid in low to moderate yields;
while benzoic acid was found in quantitative yield under the oxidation of benzyl
alcohol (entry 10). This demonstrated that the benzylic effect was predominant the

same as that observed in previous reactions with 1-phenylethanol derivatives.

Another independent experiment was conducted to further study on the

oxidation of 1,6-hexandiol catalyzed by FeCls/[hmim]Br.

Surprisingly, not only the expected product (caprolactone) not detected, the
starting material also could not be found from GC. Due to the fact that [hmim]Br is
water soluble IL; therefore, the substrate, which was also miscible in water, should be
able to dissolve in the IL as the consequence. Then, the remaining IL containing
FeCls/[hmim]Br after the extraction process was checked its identity with NMR
technique (Figure 2.10).

Comparing the 'H NMR spectra of [hmim]Br before and after doing the reaction,
the whole spectrum from Figure 2.10 showed the same spectrum pattern of [hmim]Br
as the pure one at 0 10.39, 7.42, 7.32, 4.36, 4.16, 1.94, 1.34, 0.90 ppm; however, four
other signals (1, 2, 3, and 4) were also found at & 6.90 (s, 1H), 3.66 (m, 4H), 1.60 (m,
4H), 1.41 (m, 4H) ppm. Those signals as confirmed by comparing with the literature
belonged to 1,6-hexandiol [75]. These results supported the aforementioned
prediction about the solubility of the substrate towards [hmim]Br. The hydroxyl part
of the substrate could have interaction with the IL as with water, and because of that
it was impossible for the substrate to make a contract with the oxidant which was in

another layer. As the result, 1,6-hexandiol was intact to this catalytic system.
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Thus, the investigations for polyhydroxy alcohols would no longer proceed
because they should behave in the same manner as the starting model under this

developed catalysis.
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Figure 2.10 The 'H NMR of the remaining IL from the oxidation of 1,6-hexandiol

2.6 Conclusion

The objective of this work is to search for a suitable catalytic system having a
recyclability to transform any alcohols into their corresponding carbonyl compounds.
The optimum condition of this developed protocol were systematically investigated.
This developed methodology was truly displayed to be an excellent and convenient
system for alcohol oxidation under recyclable catalytic system that could provide the

desired products in high yield.

From this chapter, using alcohol (1 equiv) as substrate, 1.5 mol% FeCl; and
[hmim]Br as a catalytic system at 80°C for 2h was shown to be the best condition for

the oxidation of alcohols.
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The investigation of several types of alcohols in order to study the scope of

the reaction under this developed protocol could be summarized as:

1) Secondary alcohols; especially benzylic types, appear to be the most

reactive substrates towards FeCls/[hmim]Br in the presence of TBHP.

2) Substituents on both of the aromatic ring and those adjacent to the benzylic

position of benzylic alcohols have no effects to the oxidation reaction.

3) Secondary aliphatic alcohols are less reactive than the benzylic ones, while

the chosen allylic alcohol is transformed to the epoxide product instead.

4) Except for benzyl alcohol, other primary alcohols show less reactivity toward

the catalytic system and the major products are the corresponding carboxylic acids.

5) The catalytic system (FeClsy/[hmim]Br) can be easily recovered and reused

without any difficult recycling process.

6) Poly-hydroxy alcohols dissolve too well in [nmim]Br, and the transformation

cannot proceed.



CHAPTER Il
AROMATIZATION OF CYCLIC DOUBLE BONDS

3.1 Introduction

Due to aromaticity, benzene (C4Hy) being known as the archetypical aromatic
compound displays different physical properties, and more stability towards chemical
reactions than normal conjugated double bonds [76]. Aromatic compounds not only
consist of hydrocarbons (C and H), but also include heteroatom(s) such as nitrogen (N),
oxygen (0), and sulfur (S) in the structures being classified as heterocyclic compounds.

Figure 3.1 reveals examples of aromatic compounds.

0wt g e o

benzene naphthalene chrysene imidazole thiophene furan

Figure 3.1 Examples of common aromatic compounds

Aromatics are generally found to be parts of naturally occurring substances [77]
which normally provide bioactivities. In the past decades, those compounds played
essential roles in medicine, pharmaceutical sciences, and manufactures [78]. Some of

bioactive compounds used as drugs are shown in Figure 3.2.

OI OH

, CO,CH,CH
HO)"' OH +C Y22t s o)
N MeO
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o O o cl _ N MeO O

MeO

HO %
OH O OMe

Baicalin Valium Claritin Colchicine

H . o
N

Figure 3.2 Examples of natural drugs containing aromatic compounds

To get the biologically active compounds from either nature sources or organic
synthesis [79], not only many processes are involved but also the yields of the final

product of those pure compounds should be concerned. Dehydrogenation is one of
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those significant reactions for the synthesis as an essential step to gain the target

bioactive products.
3.1.1 Introduction to the Preparation of Aromatic Compounds

3.1.1.1 Dehydrogenation

A chemical reaction for organic synthesis involving removal of hydrogen
molecule is called dehydrogenation. This reaction is remarkable because even alkanes
which have inert functional group can be converted. There is a lot of research using

various catalysts for the dehydrogenation of alkanes. For example,

Iridium complexes containing pincer ligand [80] have been developed for

alkene synthesis via dehydrogenation of alkane substrates since early 1970’s.

Iridium complex
O =AY O

Bu
150°C, 5 days

PR,
~ . | WH
Iridium complex: |r'\H
R=CyorCHCF |
Y 6 4 3 PR,

Quinone compounds such as chloranil and 2,3-dichloro-5,6-dicyanoquinone
(DDQ) [81] as external oxidizing agents were used in a dehydrogenation step for some

parts of steroid synthesis.

0
cl cl
O\ CH,0AC chloranil O\ CH,0AC
HO -OH cl cl HO -OH
O L
4|~OH
0 0

Chromium-based dehydrogenation catalysts being prepared by using alumina
support (Cr/ALL,O5) could be used for dehydrogenation of propane and isobutene to

synthesize their desired alkenes as industrial products [82].
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Even though these catalysts offered the desired product, a lot of disadvantages
still remained such as operating at high temperature, requiring long reaction time. In

addition, side-reactions were unavoidable in some cases.

3.1.1.2 Aromatization

The aromatization is a part of dehydrogenation process after removing
hydrogen molecule(s) from substrates; especially cyclic compounds, and then the
products subsequently turn into aromatics as the most stable products. In the past, a
number of research have been developed to synthesize aromatic compounds with
numerous catalysts and reagents. Table 3.1 represents some aromatization of

polycyclic hydrocarbons with various catalytic systems.

According to Table 3.1 [83], three major groups of catalysts were reported for
the aromatization of polycyclic hydrocarbons: single metals, metal complexes, and
oxidizing agents. The use of single metals, and metal complexes afforded aromatic
products in high yield; however, high temperature and long reaction time were
required. Thus, some substrates could not withstand under these conditions, and then
generated side products. In case of using oxidizing compounds, long reaction time were

spent with stoichiometric amount of catalysts.

With all of these problems, alkenes have been studied as other types of
substrates in order to develop new methodologies for aromatization in considering of

mild conditions and high productivity.
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Table 3.1 Aromatization of various polycyclic hydrocarbons
Substrate Product Catalyst Condition Yield (%)
a) Single metal catalysts
(Ij Pt/C 300°C 95
Oi@@ Pd/C Reflux, 1 h 100
Tor 00 G woosrc
b) Metal complexes
RhCU(PPhs); 225°C, 15 h 97
@@@@ IrCUCOXPPh3), 225°C, 12 h 92
c) Oxidizing compounds
@@ @@ p-Chloranil benzene, 20 h 59
Me Me
QL0 QOO ™ LI
Et Et
O@ NBS, BPO Reflux CCl,y 50
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3.2 Literature Reviews

Alkenes, especially appropriate cyclic dienes, are easily aromatized into their
expected aromatic products. Many reports have been addressed utilizing various metal

catalysts for aromatization of both cyclic hydrocarbons and heterocyclic compounds.

3.2.1 Aromatization of Cyclic Hydrocarbons

Neumann [84] studied hydrocarbon aromatization catalyzed by heteropoly
acid, HsPMo4,V,049 complex. Cyclic dienes were aromatized into their corresponding

aromatic compounds in high yield under O, atmosphere.

R R
RHR R H5PM010V2040 RQR R
or or
R R R tetraglyme, DCE R R R

R 70°C, 5-24 h R

McBride and co-workers [85] reported the preparation of aromatic compounds
from 1,4-cyclohexadiene and its derivatives utilizing KMnO,4 coated on alumina in
acetone. The reactions afforded the expected products up to 95% vyield, while

1,3-cyclohexadienes were intact under the developed method.

KMnO - Al O
4 2 3

acetone, 0°C

Kasai and co-workers [86] developed a recyclable heterogeneous ruthenium
catalyst for aromatization of alkylarenes to give the desired aromatics under O,
atmosphere. Moreover, the developed system could be used to oxidize other types

of substrates into their oxygenated products under alternative solvent system.

Ru(CH) /AL O
X 2 3

(L0~ — UL

Breton and co-workers [87] exhibited electromediated oxidation to generate

alkenone from activated alkenes and dienes catalyzed by TEMPO at controlled
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potential in 2,6-lutidine. The aromatized products were the extension of this

methodology with cyclohexadiene.

TEMPO

or >
controlled potential

Ichihara and co-workers [88] demonstrated the aromatization of Ol-terpinene to
p-cymene by developing a recyclable solid-phase system of FAp disperse phase and

vanadomolybdophosphoric acid (Hs,,PV,M01,.,O40: PV n) under O, atmosphere.

PV4/FAp solid phase

70 - 80% yield

Buranaprasertsuk and co-workers [89] addressed cobalt(ll) calix[4]pyrrole
complex as a catalyst in the presence of aldehyde/oxygen for alkene epoxidations.

p-Cymene as an aromatized product could be generated from cyclohexadienes.

cobalt(ll) complex
RT
40% yield

or

Bercaw and co-workers [90] described palladium(ll) trifluoroacetate catalytic

system for cyclic-olefin aromatization under O, atmosphere.

5 mol% Pd(OC(O)CF3)2
acetone, RT, 02 (1 atm)

60% conversion

Gusevskaya and co-workers [91] explored copper-catalyzed reactions with or
without p-benzoquinone (BQ) for aromatization of para-menthenic terpenes yielding
p-cymene with O,. Using BQ alone provided the expected product in good yield under
acidic condition with 80-100 °C, 5-10 atm of O,. On the other hand, using Cu(OAc), as
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a co-catalyst could make the reaction perform even under atmospheric pressure

(1 atm).

BQ or BQ/Cu(ll), 02

solvent: HOAc, DMA,
DMF, ROH

Zhang and co-workers [92] investigated the aromatization of dihydroarenes to
their aromatic products utilizing DDQ and NaNO, with O,. 9,10-Dihydroanthracene was

aromatized to anthracene with 99% conversion under 120 °C for 8 h.

DDQ/NaNO2

00 ——— QA

2

Ngamsomprasert and co-workers [93] developed an efficient catalytic system
of copper salt combining with TBHP for aromatization of conjugated and skipped cyclic

dienes yielding high aromatic products in short reaction time under mild conditions.

5 mol% CuCL2

TBHP (1.5 eq), ACN
RT, 5 min

Asikainen and co-workers [94] exhibited the aromatization of y-terpinene to p-
cymene under continuous flow reactor with catalyst- and solvent-free system in air.
The expected product was found successively in similar yield during 50 h experimental

time.

Air

120°C, 20 h

Ronzani and co-workers [95] reported silica-supported sensitizer acting as a
catalyst for the oxidation of Ol-terpinene under UV-Vis. p-Cymene was found in all

reactions tested. Three photosensitizers (Sens) were used including anthraquinone-2-
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carboxylic acid (ANT-COOH), 9,14-dicyanobenzolbltriphenylene-3-carboxylic acid
(DBTP-COOH), and rose bengal sodium salt (RB)

@ + + others Sens: RB or DBTP-COOH
O, hv
2 2 3
ACN, Sens
1 + others Sens: ANT-COOH
3

3.2.2 Aromatization of Heterocyclic Compounds

Speier and co-workers [96] studied kinetic and mechanism of the aromatization
of indolines to indoles with O, by comparing the results between copper(l)-complex
and copper(ll)-salt catalysts. Using Cu(ll)-salt, indole product was generated in 78%
yield with high exothermicity in CAN, while 92% of product was obtained using
[CuClpyl,, complexes at 25 °C in DCM.

[CuClpy] , DCM
N o, (0.1 MPa) N

\
H H

Periasamy and Srinivias [97] reported TiCly coupled with Et;N as a catalytic
system for enamine aromatization. Several enamines prepared from cyclohexanone
derivatives and various secondary amines were examined under the developed

reagent system. The corresponding aromatic amines were obtained in 67-84% yield.
R\N,R1 R\N,R1

=

R DCM, 0°C-RT, 12h g,
R3 Rs3
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Hara and co-workers [98] demonstrated an efficient hydroxyapatite-bound
palladium catalyst (PdHAP) with reusable ability for the transformation of indolines
into their aromatized indole products.

©\/§ PdHAP in toluene @
N Ar, 100°C, 1 h N

\
H H

Chandra and co-workers [99] explored the aromatization of o-indoline
nucleosides to the desired al-indoles which are parts of natural vitamins catalyzed by

manganese dioxide and molecular sieves in benzene or DCM.

o H o ’
TrO . 0
“N R, !\/\nOZ, molecular sieves N R,

(@] (0] (@] O
>< R, benzene (40-50°C) >< R,
or
DCM (30-40°C) 86-95% vyield

Herevi and co-workers [100] described a catalytic system of ferric
perchlorite/acetic acid for Hantzsch oxidation of 1,4-dihydropyridines to synthesize
pyridine derivatives. The aromatized products were found with high to excellent yields

in a few hours at room temperature.

R
R H
Etooc;ficooa 2 mol% Fe(ClO 4)3 EtOOC._A_-COOEt
| >~ |
N HOAc, RT N

Yamamoto and co-workers [101] displayed the preparation of

dihydropyrimidines from the oxidation of dihydropyrimidinones under the catalytic
system of copper salt, base, and TBHP. Numeral substrate derivatives were aromatized

into their expected products in high yield.

CO,Me CO,Me
R1\H\(R2 1 mol% CuCl , K CO, R1WR2
HN\”/NH TBHP (2-2.5 eq) N\fN

o DCM, 38-40°C OH
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Litvic  and  co-workers  [102] showed  Hantzsch-1,4-dihydropyridine
transformation into the desired pyridines which were similar to natural occurring

substances by treating with iron(lll) complex and TBHP.

R R4
R1O2eriC02R2 Fe(lll) phthalocyanine chloride R1O2Cr\/[COZR2
[ TBHP, AcOH, RT L~
R N R ’ ’ R N R
S 3 3 3

Ramirez and co-workers [103] investigated C-C double bond formation via
dehydrogenation with Cu(l) and a few co-catalysts in order to prepare numerous

heterocycles

10 mol% CuCl-PPh
>f 7< 65°C, 20 h N
}*Ph X = SO_or CO O}*Ph

Huang and co-workers [104] addressed imine formation from dehydrogenation

of various secondary amines using Cu/TEMPO catalytic system. Heterocycle substrates

were oxidized into their aromatized products with excellent yield.

©\/> CuClY/TEMPO (2/2 mol%) @
N air, 60°C, 60 h N

\ \

H H

Damodara and co-workers [105] studied the dehydrogenation of amines and
alcohols activated by carbon nanoparticles. Copper aluminum hydrotalcite (Cu-ALHT)
was reduced into Cu(0)/Al,O; which was a recyclable catalyst to prepare various
heterocycles from their related dihydro-substrates.

©\/> Cu(0)/Al O (Cu: 8 wt%) ©\/>
2 3 . A\
N, DMF, 120°C, 5-8 h N

\

H H

Peng and co-workers [106] demonstrated the preparation of several indoles

from Cu(l)-catalyzed aromatization of indoline derivatives under mild conditions with
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tert-butylperoxy 2-ethylhexyl carbonate (TBPC) as an external oxidant under

electrochemical conditions

Br H 5% [Cu(MeCN) JBF Br
L) U0
mBr TBPC (1.2 eq) mBr
)0 Pe

o
R ACN (3V), 35°C, 3 h R

Maier and co-workers [107] explored the oxidative dehydrogenation and
mechanistic study of N-protected indolines associated with frustrated Lewis pairs
(FLPs). Under the best condition, the desired aromatized products were produced in

moderate to excellent yield.

R2 R2

R’ 2 R' + H

R4 N toluene, 120°C, 1-30 h R% N 2
RS RS

Referring to the aforementioned reports, many systems have been developed
to afford aromatic compounds in high yield under mild conditions; however, they still
encountered a lot of disadvantages. Some reactions needed to be conducted under
low temperature due to high reactivity of catalysts or substrates, while some of them
operated with long reaction time to prevent the side effects. In addition, complicated
metal complexes for their reactions mostly required many reagents or steps in their
preparation. Moreover, some catalysts and oxidants could not be reused in organic

solvent system.

Among the above methods, there are a few reports using copper salt coupled
with some oxidizing agents; especially TBHP, for the preparation of aromatic
compounds via aromatization steps to provide some great profiles in terms of
operation under mild condition with high product yields for both hydrocarbon and

heterocyclic substrates.



53

3.2.3 Reactions with Copper Salts and TBHP

In this past decades, not only Cu-salt/TBHP system has been used in
aromatization reactions, it has also been explored in many other types of chemical

reactions.

Tan and co-workers [108] reported the use of Cu-salt/TBHP catalytic system for
oxidative coupling between tertiary amines and siloxyfurans to prepare Yy-aminoalkyl
butenolides. Similar works were demonstrated under the system of rhodium catalysts

which were much more expensive than the simple copper salt.

5% CuBr, 55°C

| [
N TBHP (12 eq), MeOH, 3 h N 5 O
@ U Y ores @

(2 eq) O (1eg (78%)

Li and co-workers [109] described Cu complex/TBHP system as a good protocol
for the oxidation of A’-steroids at allylic position. The desired enone products were

produced up to 99% under the best condition.

R R
SR, 1 mol% Culll) complex 3R,
TBHP (10 eq)
ACN/CHCL , 70°C
R; > R; 0

Xie and co-workers [110] exhibited the transformation of tertiary amines to ot-

amino imides in moderate to high yields involving with three-component congregation

and Cu-salt catalyst.

10 mol% CuCl, 4A° MS

@N,Rz . R4-CN TBHP (1.5 eq) 7\ N,Rz o
> — — >
R — RI—=/ 4
1 R>_H Rs-COOH @_Q 1 R; N-R
3 N N 3 4
(10 mol%) Rs

ACN, 60°C, 6 h O
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Rayati and co-workers [111] developed Cu(ll) Schiff base catalysts for alkene
oxidations in the presence of TBHP. Two Cu(ll) complexes were synthesized,
characterized, and performed in ACN with cyclooctene and styrene affording the

corresponding epoxide and benzaldehyde as major products; respectively.

R
X X
o O
y 4CU. y Complex R XY
H NN Cu{saantn(B—OMe)z} OMe H,H
Cuf{hnaphnptn} H XY: -CH=CH-CH=CH
Me Me

Huang and co-workers [112] presented a dehydrogenative cross-coupling of
simple ethers and aryl ketones in the presence of pyrrolidine and TBHP associated

with CuBr, via radical process.

CuBr2 (10 mol%)

L . Un pyrrolidine (70 mol%) wﬂ
y _
Ar H ©

0" TBHP (3 eq)/AcOH (3 eq)  Ar
reflux, 6 h

Deb and co-workers [113] explored the formation of naphthols and phenols
via deaminative oxidation of Betti bases as activated by Cu salt/TBHP system via

benzoylation or formylation in water.

N Cu(OAc) ‘H O ~ o~
¢ 3 R 2 2 ¢ TN R ¢ 3 R
L i TBHP (2 eq) L L .
) N LA o * ° N
™ SDS (20 mol%) o
o H O, 120°C OH ©
Betti base 2 major trace

Hossain and Shyu [114] investicated the conversion of arylalkanes to ketones
with Cu salts/TBHP in water at room temperature. A few bidentate bipyridine ligands
were applied to the reactions in order to optimize this catalytic system. The desired

ketones were detected in moderate to excellent yields.
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5 mol% CucCl

2
O O 5 mol% Neocuproine O O
. TBHP (7 eq) .
H O, RT, 1 h 5

According to previous works relating to Cu salts or complexes associated with
TBHP. They mostly operated via oxidation process to get the desired final products. In
case of aromatization, Cu salt/TBHP system provided excellent product yields under
mild condition; however, organic solvents, were necessary for the system. Because of
their toxicity, non-recovered ability, and solubility with Cu salt which could not be
separated after working-up process for the propose of reuse in next cycle, some
developments have been reviewed with the usage of ILs to gain a recyclable catalytic

system.

In this past decades, ILs have been used as solvents by many researchers;
especially in catalytic oxidations which mainly used H,0O, as an oxidizing agent. It is
due to the high activation energy of H,O,, metal catalysts are necessary for its
activation process [107]. Thus, other oxidants such as O,, and TBHP were applied to
reduce the problems. Fortunately, using TBHP showed some benefits referring to the
reviews even in organic solvent systems, therefore, it should be a challenge to create
a new methodology that have never been reported before for aromatization, of those

groups of substrates in ILs.

3.3 Scope of This Work

The methodology for the synthesis of aromatic compounds via aromatization
of cyclic dienes utilizing metal salt/IL will be focused. The objective of this research is
to develop a new catalytic system of simple transition metal salt (Cu salt)/neutral IL
in the presence of TBHP for aromatization of cyclic dienes, and to examine the optimal
condition to get the maximum vyields of the desired products. Moreover, the
aromatization of various substrates including conjugated, and skipped dienes, and

indoline derivatives under developed protocol would be considered.
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3.4 Experimental

3.4.1 Instruments and Equipment

Thin layer chromatography (TLC) was operated on aluminum sheets precoated
with silica gel (Merck Kieselgel 60 PF,s,). Column chromatography was carried out on
silica gel (Merck Kieselgel 60, 70-230 mesh) or Alumina oxide (Merck AlL,O5 - 90 active
neutral, 0.063-0.200 mm, 70-230 mesh ASTM). Preparative thin layer chromatography

was performed on 20x20 cm precoated with silica gel (Merck Kieselgel 60, GF,s).

The 'H and >C NMR spectra were recorded in deuterated chloroform (CDCls)
or deuterated dimethylsulfoxide (DMSO-dg) with TMS as internal standard on the NMR
Bruker Avance 400 spectrometer which operated at 399.84 MHz for 'H and 100.54 MHz
for °C nuclei. The chemical shifts (8) are assigned by comparison with residue solvent

protons.

The Shimadzu gas chromatography GC-14B (Varian CP-3800) equipped with
CPsil8 or BP1 or BP21 column, FID detector, and N, as a carrier gas was employed to

determine the quantity of the products or the quality of synthesized substrates.

3.4.2 Chemicals

All organic solvents used in this research were purified prior to use by standard
methodology except for those which were reagent grades. The reagents and substrates
used for synthesis were purchased from Fluka, Aldrich, and TCI chemical companies
and were used without further purification. lonic liquids such as [bmim]Br, [hmim]Br,
and [bmim]BF, used for this chapter were synthesized with the same method as in
Chapter Il. N-Heterocyclic starting materials were prepared following procedures found

in literature, the detail of which will be discussed.
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3.5 Aromatization of Cyclic Hydrocarbons

3.5.1 General Procedure

To convert cyclic dienes into their aromatized products, representative
experimental process is displayed as follows: a mixture of 1 mL of [hmim]Br and
5 mol% CuCl;, in round-bottom flask was gradually added y-terpinene as substrate
model, and 1.5 equiv. of TBHP (70 % in water). After stirring the reaction mixture at
room temperature for 15 min, the mixture was extracted with Et,O (10.0 mL x 3). Then,
the organic layer was washed with distilled water, dried over anhydrous Na,SO4, and

finally the product was quantified by GC with internal standard method.

3.5.2 Optimization Study

3.5.2.1 Effects of Solvent Systems

In order to find the most suitable solvent for this catalytic system, four solvents:
MeCN as an organic solvent, [bmim]Br, [hmim]Br, and [bmim]BF,4 as ILs, were tested

under the general condition.

3.5.2.2 Effects of Reaction Time

After choosing the best solvent for the system, various reaction times: 15 min,
30 min, 1 h, and 3 h, were examined to study their effects towards this catalytic system

under the above condition to obtimize for more product yield.

3.5.2.3 Effects of TBHP Concentration

To improve the product yield to the maximum, amount of TBHP was varied

from 0.0, 1.5, 3.0, 4.5 to 6.0 equiv based on the amount of the substrate.

3.5.3 Aromatization of Several Substrates

To understand the generality of this catalytic system for aromatization of cyclic

hydrocarbons, the optimized condition from y-terpinene aromatization was applied to
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other substrates which are examples of conjugated and skipped dienes under the same

procedure as the general protocol.

3.5.4 Recyclability of CuCly/[hmim]Br

After the reaction was complete under the optimum condition, the remaining
IL containing CuCl,/[hmim]Br was subjected to reduced pressure evaporator at 50 °C
for 2 h. Then, the IL was reused as a catalytic system for the next cycles of the same

reaction in order to study its recyclability.

3.6 Aromatization on Heterocyclic Amines

3.6.1 General Procedure

Following the aromatization of cyclic hydrocarbons, the reaction of indoline, as
a model compound, was carried out with the similar steps to the previous reaction
using 5 mol% CuCl,, 3.0 equiv of TBHP (70 % in water) in [hmim]Br at room temperature

for 15 min. The product yield was quantified by GC with internal standard method.

3.6.2 Preparation of Indoline Derivatives

With the target N-subsituted indolines which are mostly commercially
unavailable, numerous reactions were chosen to prepare these compounds according

to various relating reports.

3.6.2.1 Preparation of 1-Benzylindoline

To a solution of benzyl chloride (200 mmol, 24 mL) in THF (100 mL) was added
with a mixture of indoline (180 mmol, 20 mL), and 5M NaOH (30 mL) at room
temperature. After stirring for 24 h, the reaction was quenched with water and
extracted with Et,O (100 mL x 4). The organic layer was dried over anhydrous MgSQ,,
and evaporated. Then, the crude reaction was purified by silica gel column using
DCM:n-hexane (3:7) as mobile phase. The product is known, and its identity was found

to be the same as the literature [115].
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1-Benzylindoline: light yellow oil; *H NMR (CDCls) & 7.45 - 7.36 (m, 4H), 7.34 -
7.31 (m, 1H), 7.17 - 7.10 (m, 2H), 6.75 (m, 1H), 6.59 (d, J = 7.8 Hz, 1H), 4.31 (s, 2H), 3.38
(t, J = 8.3 Hz, 2H), 3.02 (t, J = 8.3 Hz, 2H); *C NMR (CDCl;) & 152.3, 138.3, 130.2, 128.5,
128.0, 127.4, 127.2, 124.6, 107.4, 53.9, 53.6, 28.6.

3.6.2.2 Preparation of 1-Boc-indoline

Similar protocol for N-tert-butoxycarbonylation of aliphatic amines from a
literature was adjusted in order to prepare 1-Boc-indoline as a substrate. To a stirred
solution of indoline (2 mmol, 1 equiv.) and Boc,O (2 mmol, 1 equiv.) in DCM (0.4 mL)
was gradually added 10 mol% of hexabromoacetone (BrsCCOCBr;) at room
temperature. After stirring overnight, the reaction was checked with TLC and then
stopped by removing the solvent with reduced pressure evaporator. Then, the crude
reaction was isolated by flash column chromatography (SiO,, hexane/ethyl acetate
50:1 to 15:1), and finally the product was confirmed by comparing its identity (*H and
PC NMR) with literature [116].

1-Boc-indoline [117]: pale pink solid; '*H NMR (CDCls) & 7.50 - 7.68 (br s, 1H),
7.18 (m, 2H), 6.95 (m, 1H), 4.00 (t, J = 8.3 Hz, 2H), 3.11 (, J = 8.7 Hz, 2H), 1.60 (s, 9H);
3C NMR (CDCLy) & 153.0, 142.4, 131.2, 127.3, 124.7, 122.1, 114.7, 81.1, 47.6, 28.5, 27.3.

3.6.2.3 Preparation of 1-Benzoylindoline

At room temperature, to a stirred solution of indoline (1.1 equiv.), EtsN (1.25
equiv.) in DCM (0.5 M) was gradually added benzyl chloride (1 equiv.) resulting in a
boiling solution. After stirring for 20 min, the solution was diluted with DCM and then
transferred to a separation funnel containing 1IN HCl. The organic phase from the
extraction was dried over anhydrous Na,SQy, filtered, and concentrated under reduced
pressure. The desired product was isolated from the oily residue by flash
chromatography with hexane/EtOAc and then purified by recrystallization with n-
hexane to afford 80% yield of the pure compound [118].
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1-Benzoyl-indoline [119]: white solid; 'H NMR (CDCl;) & 8.47 — 6.93 (m, 9H),
4.10 (br s, 2H), 3.14 (t, J = 8.2 Hz, 2H); *C NMR (CDCls) 0 169.0, 142.6, 137.0, 130.3,
128.6, 127.1, 124.9, 123.9, 117.0, 50.6, 28.1.

3.6.2.4 Preparation of 1-Tosylindoline

A mixture of p-toluenesulfonyl chloride (TsCl = 2.0 mmol) and indoline (2.0
mmol) in DCM (6.7 mL) was added Et;N (4.0 mmol) dropwise. After stirring at room
temperature for 17 h, DCM was removed from the reaction by evaporation. After that
the residue was added saturated aqueous NaHCOs, and extracted with EtOAc (x3). The
combined organic phases were washed with brine, and dried over anhydrous MgSOj.
The solution was concentrated to get the solid residue which were purified afterwards
by recrystallization with 95% EtOH. The desired product was confirmed of its structure

by comparing its 'H, and >C NMR with the literature [120].

1-Tosylindoline [121]: pale pink solid; *H NMR (CDCl;) § 7.70 (d, J = 8.3 Hz, 2H),
7.66 (d, J = 8.2 Hz, 1H), 7.24 (d, J = 8.2 Hz, 2H), 7.20 (m, 1H), 7.10 (d, J = 7.2 Hz, 1H),
6.99 (m, 1H), 3.93 (t, J = 8.4 Hz, 2H), 2.91 (t, J = 8.4 Hz, 2H), 2.39 (s, 3H); *C NMR (CDCL,)
8 144.0, 142.0, 134.1, 129.6 (x2), 127.7, 127.3 (x2), 125.1, 123.7, 115.0, 49.9, 27.9, 21.5.

3.6.3 Preparation of Indole Derivatives

For using GC with internal standard as quantifying method for the product yield,
all of relating indole products which are not commercially available were synthesized
by the following methods in order to use them as standards. Moreover, the expected
products from their aromatization were also isolated from those reactions to compare

with the synthesized indoles.

3.6.3.1 Preparation of 1-Benzylindole

Referring to the literatures about synthesis of 1-benzylindole, most of the
reactions required many steps of adding reagents, and also a lot of process for
purification of the target product. Therefore, 1-benzylindole in this work was prepared

from the isolation of the aromatization which carried out under the general procedure
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using 5 mol% CuCl,, 3.0 equiv of TBHP, room temperature for 15 min. The expected

product was purified by silica gel column with DCM:n-hexane (3:7) solvent system.

1-Benzylindole [122]: yellow oil; *H NMR (CDCls) & 7.73 (d, J = 7.8 Hz, 1H), 7.38
- 7.31 (m, 4H), 7.26 — 7.15 (m, 5H), 6.63 (d, J = 2.9 Hz, 1H), 5.38 (s, 2H); *C NMR (CDCLs)
0 137.6, 136.4, 128.8, 128.3, 127.6, 126.8, 121.7, 121.0, 119.6, 109.7, 101.7, 50.11.

3.6.3.2 Preparation of 1-Boc-indole

Adding DMAP (0.427 mmol, 52 mg), EtsN (5.55 mmol, 0.768 mL), and Boc,O
(5.55 mmol, 1.211 mg) to a stirred solution of 1H-indole (4.27 mmol) in CH,CL, (50 mL)
was carefully succeeded at room temperature. After stirring for 24 h, the solvent was
removed by reduced pressure evaporator, then the crude reaction was added aqueous
solution of NH,CL (30 mL), and extracted with EtOAc (3 x 30 mL). The combined organic
layers were washed with water (30 mL), brine (30 mL), and dried over anhydrous
MgSQOy, respectively. Flash column chromatography was used to isolate the expected
product from the crude reaction with Et,0:n-hexane (5:95) solvent system. The product

was identified by 'H and '>C NMR comparing with the previous report [123].

1-Boc-indole: colorless oil; *H NMR (CDCls) & 8.07 (d, J = 8.3 Hz, 1H), 7.52 (d,
J =35 Hz, 1H), 7.49 - 7.47 (m, 1H), 7.25 - 7.21 (m, 1H), 7.17 - 7.13 (m, 1H), 6.50 (m,
1H), 1.60 (s, 9H); **C NMR (CDCl;) 6 149.7, 135.2, 130.6, 125.9, 124.2, 122.6, 120.9, 115.1,
107.2, 28.2.

3.6.3.3 Preparation of 1-Benzoylindole

1-Benzoylindole in this work was isolated from the aromatization of
1-benzoylindoline following the general method using 5 mol% CuCl,, TBHP (6.0 equiv),
room temperature for 3 h. The desired product was purified by flash chromatography
with EtOAc/n-hexane (2/98), and then identified the structure which is identical to the

literature with NMR technique.

1-Benzoylindole [124]: pale yellow oil; "H NMR (CDCls) & 8.43 (d, J = 8.3 Hz,
1H), 7.80 = 7.73 (m, 2H), 7.66 — 7.54 (m, 4H), 7.46 — 7.31 (m, 3H), 6.64 (d, J = 3.7 Hz,
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1H); PC NMR (CDCl,) & 168.8, 136.1, 134.7, 131.9, 130.8, 129.2, 128.6, 127.6, 124.9, 123.9,
120.9, 116.4, 108.6.

3.6.3.4 Preparation of 1-Tosylindole

1-Tosylindole was isolated from the aromatization of 1-tosylindoline based on
the representative method using 5 mol% CuCl,, TBHP (6.0 equiv), room temperature
for 18 h. The desired product was purified by PTLC (EtOAc/n-hexane = 1/15), and then
identified the structure which is identical to the literature with NMR technique.

1-Tosylindole [125]: white solid; 'H NMR (CDCls) & 8.01 (d, J = 8.3 Hz, 1H), 7.79
(d, J = 8.4 Hz, 2H), 7.59 (d, J = 3.6 Hz, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.35 - 7.21 (m, 4H),
6.68 (d, J = 3.6 Hz, 1H), 2.36 (s, 3H); °C NMR (CDCl5) & 144.9, 135.5, 134.8, 130.7, 129.8,
126.8, 126.3, 124.5, 123.2, 121.3, 113.5, 109.0, 21.5.

3.6.4 Aromatization Study on Various Starting Materials

General procedure from the aromatization of indoline substrate was examined
by using different types of indolines; especially N-substituted indolines, to study the
scope of this catalytic system. The desired indolines which are not commercially

available were synthesized by the aforementioned methods.

3.7 Results and Discussion

A new and efficient recyclable catalytic system was developed and thoroughly
investigated on the aromatization of both carbocyclic and heterocyclic dienes. The
exploration of optimum conditions for these aromatizations was also fully observed in

this chapter.
3.8 Aromatization of Cyclic Hydrocarbons

3.8.1 Condition Optimization

The aromatization of cyclic dienes was investigated in order to find the most

suitable conditions using Cu-salt coupled with TBHP in [hmim]Br. Different factors
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including solvent system, reaction time, and amount of TBHP were examined.
Y-Terpinene (1 equiv) used as a starting model was treated under the typical condition
using 5 mol% of CuCl,, TBHP (1.5 equiv) in [hmim]Br at room temperature for 15 min.
The expected product was determined by GC using naphthalene as the internal

standard.

3.8.1.1 Effects of Solvent System

Four diverse solvents were selected to screen for the best media for the
aromatization of cyclic dienes under general conditions. The results are demonstrated

in Table 3.2.

Table 3.2 The effects of solvent system?®

5 mol% CuCl2
TBHP (1.5 eq)

RT, 15 min
solvent
Entry Solvent Yield (%) SM Recovery (%) MB (%)
1 ACN quant. - quant.
2 [bmim]Br 3 60 97
3 [hmim]Br 32 65 97
4 [bmim]BF, 45 54 99°

 The product yield was determined by GC with naphthalene as the internal standard.
® the catalyst did not dissolve.

Using ACN (entry 1) yielded the expected product in quantitative amount, while
the substrate was still remained in the reaction using ILs (entries 2-4). This is mainly
due to the solubility of the catalyst, which completely dissolved in ACN; the possibility
for the catalyst recovery after the extraction process with Et,O in order to reuse in next
reaction cycles could not possibly happen. Therefore, ILs were examined so that the

problem was solved with regard to recycle of catalyst.
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Using 1-alkyl-3-methylimidazolium ILs (entries 2-4) afforded the desired
product in moderate yield. In case of using water-soluble ILs containing bromide anion
(entries 2 and 3), CuCl, completely dissolved as homogeneous system with ILs. On the
other hand, using [bmim]BF, (entry 4) showed the remaining of metal salt in the
system. Figure 3.3 displays the solubility of Cu salt in those solvents before performing

the reactions.

After finishing the reactions, during the extraction process entry 1 showed a
homogeneous solution; while entries 2-4 presented heterogeneous with ILs in the
lower part. After removing the organic layer the remaining ILs from entries 2-4 displayed
the same condition as before for next round of reaction. Therefore, [bmim]Br and
[hmim]Br were considered as the solvents of choice because of their solubility with Cu

salt.

With the main purpose to develop a new recyclable catalytic system, the
CuCly/Thmim]Br system was chosen because of its capability for oxidation with TBHP
(Chapter 1), solubility, uncomplicated procedure for the preparation, and none

mentions in aromatization of cyclic dienes referring to previous works.

—
X
-

Pure solvent

5 mol% CuCl,

Cu salt/ACN Cu salt/[lomim]Br  Cu salt/[hmim]Br  Cu salt/[bmim]BF,

Figure 3.3 The solubility of Cu salt in the above reactions
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3.8.1.2 Effects of Reaction Times

With the intention to improve the product yield using [hmim]Br, the reaction
was carried out by varying reaction times to study their effects towards the developed

system as presented in Table 3.3.

The reaction of y-terpinene for 15 min (entry 1) provided p-cymene as the only
product in 32% yield. Three longer reaction times were applied (entries 2-4) and found
that the longer reaction time, the higher the product yields. Even though the reaction
afforded the yield in 85% under the longest reaction time (180 min, entry 4), comparing
with the yield at 60 min, not only the yield did not improve, but also the substrate
still remained. Therefore, the shortest reaction time (15 min) was selected and other

factors were further adjusted to improve the yield.

Table 3.3 The effects of reaction times?

5 mol% CuCL2
TBHP (1.5 eq)

[hmim]Br, RT
time
Entry  Reaction time (min) Yield (%) SM Recovery (%) MB (%)
1 15 32 65 97
2 30 75 17 92
3 60 87 11 92
a4 180 85 9 94

® The product yield was determined by GC with naphthalene as the internal standard.

3.8.1.3 Effects of TBHP Concentration

Various amounts of TBHP were also applied to the reaction so that the higher
yield could be achieved with short reaction time. The results are displayed in Table

3.4.
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Amount of TBHP was considered as one of important parameters to improve
the product yield. Trace amount of the expected product was found in the system
without TBHP (entry 1), while with higher amount of TBHP provided the yield
progressively (entries 2-5) with the maximum at quantitative yield. Using TBHP 1.5 equiv
(entry 2) gave 32% vyield of the product with the substrate recovery. Doubling amount
of TBHP (entry 3) increased the yield greatly to more than 91% with a little bit amount
of substrate remaining. Adding more concentration of TBHP (entries 4 and 5) made the

reaction complete.

Table 3.4 The effects of amounts of TBHP?

5 mol% CuCl2

TBHP
[(hmim]Br
RT, 15 min
Entry TBHP (equiv) Yield (%) SM Recovery (%)  MB (%)

1 0.0 3 93 96
2 1.5 32 65 97
3 3.0 91 5 96
4 4.5 99 - 99
5 6.0 99 - 99

 The product yield was determined by GC with naphthalene as the internal standard.

In summary, 4.5 equiv of TBHP should be enough to complete the reaction;
however, in order to make the reaction complete within 15 min with other types of
substrates, 6.0 equiv of TBHP should be used in excess. The optimum condition was

concluded in Figure 3.4.

5 mol% CuCl2
TBHP (6.0 eq)

[(hmim]Br
RT, 15 min

Figure 3.4 Optimum condition for aromatization of y-terpinene
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3.8.2 Variation of Substrates

Under the optimum conditions, other cyclic dienes were investigated in order
to extend the scope of this catalytic system. y-Terpinene and 9,10-dihydroanthracene
were chosen as representatives of skipped dienes, while O-terpinene and

1,2-dihydronapthalene were models for conjugated dienes. The results are displayed

in Table 3.5.
Table 3.5 Aromatization of conjugated and skipped dienes in [hmim]Br®
Entry Substrate Product Yield (%)°

¢ All reactions were carried out with 1 mmol substrate, 5 mol % CuCl,, 6.0 equiv of

o

TBHP (70% in water) in [hmim]Br, RT, 15 min

° All products were quantified with GC by comparing with commercial standards using

naphthalene as the internal standard.

In case of skipped dienes (entries 1 and 2), y-terpinene (entry 1) was aromatized
in excellent yield, while 9,10-dihydroanthracene (entry 2) generated the expected
anthracene, and a diketone product (anthraquinone) in 14 and 72% vyields,

respectively. For conjugated dienes, both d-terpinene, and 1,2-dihydronaphthalene
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(entries 3-4) produced their expected aromatic compounds in moderate yields which

were however in the lower amount than the skipped ones.

Referring to previous work [126] studying on the C-H bond strength of
conjugated and skipped dienes, the former required more energy to homolytically

break C-H bond than the latter.

H

) )
70.92 kcal/mol

(skipped diene)

O
71.01 kcal/mol \

H
(conjugated diene)

Moreover, based on the earlier report [93], which carried out under the similar
conditions in ACN, o-terpinene, and other conjugated dienes required high
temperature for their conversions, while skipped ones could be converted at room
temperature. According to these results and observations, this should be a reason why
conjugated dienes were transformed into their final products in lower yield than
skipped ones under the same developed conditions at room temperature. For other
reasons, the over oxidation/reaction derived from the excess oxidant may create side
reactions. Another possibility was because of the nature of substance such as

naphthalene (the product from entry 4), with low sublimating point.

The aromatization of 9,10-dihydroanthracene provided a diketone as a major
product with small amount of anthracene. The reaction was further examined trying
to adjust some factors to get higher amount of the expected product. Table 3.6

displays various conditions for the aromatization of 9,10-dihydroanthracene.

Conducting the reaction at higher temperature (60 °C) (entry 1), anthracene (2)
was found in slightly higher yield than at room temperature; however, the diketone (3)
was still detected as a major product. Thus, using higher temperature did not have

much effects on the reaction. When longer reaction times were applied (entries 2-4),
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the yields of the products were not different, and the reactions also did not go to
completion. Treating the reaction by doubling concentrations of TBHP (entries 5-7),
anthraquinone (3) was produced in the highest yield of 97% as the only product
formed within 6 h (entry 7). Overall, this catalytic reaction of 9,10-dihydroanthracene
displayed a competition between aromatization and benzylic oxidation.
Figure 3.5 demonstrated possible pathways of both competitive processes of

9,10-dihydroanthracene.

Table 3.6 Aromatization of 9,10-dihydroanthracene (1) in [hmim]Br

(0]
5 mol% CuCl
90® — (D
[hmim]Br
TBHP, RT o
1 2 3

Yield (%)®

Entry TBHP (eq) Reaction time
2 3
1 6.0 15 min 14 (26)° 72 (60)°
2 1h 12 85
3 2h 7 78
4 3h 6 88
5 12.0 15 min 6 88
6 1h 5 87
7 6 h - 97

? GC yield with naphthalene as the internal standard

b at 60 °C
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: oO®
aromatization

Figure 3.5 Possible pathways of both competitive processes of

9,10-dihydroanthracene (1)

Other separate examinations were conducted between those two possible
pathways (Figure 3.6). Anthraquinone was synthesized from anthracene under the
developed condition () in 54% vyield. While diphenylmethane could undergo the
reaction to generate the corresponding ketone product in 16% vyield (Il). According to

these results, anthracene was converted into anthraquinone faster than benzylic

oxidation.
(0]
5 mol% CuCl
400 — L1 o
[(hmim]Br
TBHP (6.0 eq) 0
O

5 mol% CuCl
- 0
[(hmim]Br

TBHP (6.0 eq)
RT, 15 min 16%

Figure 3.6 Additional experiments for the comparative study
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Therefore, anthraquinone was possibly formed via pathway a to c¢
(Figure 3.5). It seemed that the diketone could be rapidly generated from anthracene
within short reaction time. It also implied that this system was not suitable for
anthracene preparation without any factor adjustments. The condition development

for this kind of substrates will be considered as the future work.

3.8.3 Recyclability of the Catalytic System

Continuing from the aromatization process, after extraction step to remove all
of possible compounds such as the expected product, and the remained substrate
from the reaction mixture, the recovered IL containing Cu salt and [hmim]Br was
heated at 50°C under reduced pressure to remove all remaining organic solvents. After
that, checking its composition with 'H NMR (Figure 3.7). The crude ILs of both before
and after the reaction showed the same color. Their '"H NMR spectra displayed the
same spectral patterns. Therefore, it was assumed that the catalytic system was intact

after the reaction.

Owing to the above observation, the catalytic system was reused at that stage
to study the recyclability by carrying out the reaction of y-terpinene under the
optimum in several cycles, repeatedly. Figure 3.8 presents the recyclability study of

this catalytic system.
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Figure 3.7 Comparative "H NMR spectrum between the mixture of CuCl,/[hmim]Br

before (top) and after (bottom) the reaction
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Figure 3.8 Recyclability study of CuCl,/[hmim]Br for aromatization of Y-terpinene

under the optimized condition

Numerous reactions with the same catalytic system were conducted

successively based on the optimization. The 1% cycle afforded the desired product in
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excellent yield with 99% as the only compound formed. Next cycles (2™ to 8™)
provided the expected products with almost identical yields as the previous cycle.
Last but not least, the 9" cycle generated the product in very excellent efficiency
(95%). In conclusion, this new catalytic system (CuCly/[hmim]Br) displayed a
recyclability because it could be reused at least nine times without any remarkable

losses of the product yield.

3.9 Aromatization of Heterocyclic Amines

In accordance with a new recyclable catalytic system previously described for
the aromatization of cyclic hydrocarbons, further examination with heterocyclic amines

were selected. The aromatization plan is shown in Scheme 3.1.

@ Aromatization @ Deprotection @
N N [Reference] N

\ \ \

PG PG H
(1) (2) (3)

PG = Protecting Group

Scheme 3.1 Aromatization process

3.9.1 Aromatization of N-substituted indolines

With the same catalytic protocol, several indoline derivatives were examined

and the results are collected in Table 3.7.

The corresponding aromatic product (1H-indole) was detected as the sole
product in moderate yield (39%) from the reaction of indoline (entry 1). While the
reaction was operating, the reaction mixture changed rapidly from green into dark-
brown with the releasing of some heat. That may cause loss of the product yield on
account of overreaction to form pyrrole polymerization [127-129]. With that result, the
N-unprotected amine was too reactive even in short reaction time, then it would be
difficult to distinguish the reactions between their derivatives which had different

substituent on the core structure. Thus, N-substituted indolines were synthesized.
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N-substituted indolines were prepared from the reactions between indoline

and a variety of protecting groups to deactivate amines as presented in Scheme 3.1.

Table 3.7 Aromatization of N-substituted indolines in [hmim]Br®
5 mol% CucCl
N [(hmim]Br N
R TBHP, RT R
Entry Substrate Product Yield (%)°

g8
N 39

N\
3¢ ©\/n> oJ< @ oJ< 40 (45)°
hig
(0]
I 0
q9 N N 24 (43)°

O O

@ @
0 0
59 N ;s/’ N js/’ 0 (40)°
o’ I j o’ I j

¢ General condition: substrate (1 egiuv), 5 mol% CuCl,, 3.0 equiv of TBHP, room

temperature for 15 min in [hmim]Br

® GC yield by confirming the products with the references
¢ 1H-Indole

4 Using 6.0 equiv of TBHP for 30 min

€ The best yield of each reaction
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Based on the results obtained from Table 3.7, under the same condition
1-benzyl (-Bn) indoline (entry 2) afforded the corresponding aromatic in higher yield
than the unprotected one; however, 1H-indole was unexpectedly produced in a
detectable amount. It may probably owe to a competitive process of the substrate

de-protection which constantly took place in the same reaction.

In contrast, other N-substituents (entries 3-5) were affected on the reactions by
transforming substrates into their expected indoles as sole products in the absence of
the indole product. These protecting groups: tert-butyloxycarbonyl (t-Boc), benzoyl
(-B2), and p-toluenesulfonyl (-Ts) groups are virtually stable under any oxidizing agents.
So, this developed system should be able to generate the corresponding aromatics as
major products without any competitive reactions; especially de-protection. Moreover,
the substituent stabilities could be used to explain different efficiencies of the reaction.
Due to their electron-withdrawing effect, the latter indolines were non-reactive under
the developed system (entries 3-5). Later, the reactions were modified by using more
amount of either TBHP or reaction time. With doubling both TBHP amount and reaction
time concurrently could afford the expected products in detectable yields except
entry 5 with tosyl group. With longer reaction time more than 2 h, the maximum yields

(entries 3-5) were around 40%.

3.10 Conclusion

3.10.1 Aromatization of Cyclic Hydrocarbons

This work aims to search for a new recyclable catalytic system to transform
cyclic hydrocarbons; especially conjugated and skipped dienes into their corresponding
aromatic products. Simultaneously, this develop protocol was also thoroughly
investigated in order to obtain the optimum condition. This new methodology
demonstrated an interesting and convenient system for aromatization under
recyclable catalytic system that could provide the desired products in acceptable

yields comparing with previous reports.
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Using a cyclic-diene substrate (1 equiv), 5.0 mol% CuCl, and [hmim]Br with

TBHP (6.0 equiv) at room temperature (~28°C) for 15 min was the best conditions for

the aromatization. Overall investigations are summarized:

1) Conjugated dienes appear to be quite reactive towards CuCl,/[hmim]Br
catalyst in the presence of TBHP more than CuCl,/TBHP system which normally

required external heat to activate the reaction.

2) Skipped dienes, especially y-terpinene, are smoothly transformed into the

corresponding aromatic products in excellent yield under the developed method.

3) Polycyclic-skipped dienes containing sp” carbon at benzylic position such as
9,10-dihydroanthracene, afford diketone as sole product generating from further
oxidation of the corresponding aromatic compound which is quite reactive towards

this catalytic system.

4) The catalytic system (CuCly/[hmim]Br) can be easily reused without any

difficult recycling process.

3.10.2 Aromatization of Heterocyclic Amines

The scope extension of CuCly/[hmim]Br with TBHP system was conducted with

heterocyclic amines which has never been prepared under any IL systems.

Continuing from the developed conditions of the aromatization of cyclic
hydrocarbons, typical condition was using 5.0 mol % CuCl, in [hmim]Br with TBHP (3.0

equiv) at room temperature for 15 min.

The examination of some examples of heterocyclic amines for their

aromatization is concluded as followings:

1) Unprotected amines such as indoline are too reactive towards this protocol

and afford 1H-indole in moderate yields.

2) N-substituted heterocycles are transformed into their corresponding indoles

in acceptable yields under the developed method.
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Finally, though the developed protocol could not generate the target molecule
(1H-indole) constantly in high yield, it could be prepared according to Scheme 3.1 from
the aromatization of N-substituted substrates within short reaction time. In addition,
the corresponding aromatized products were easily separated from their crude
reactions by solvent extraction. These products could be used as substrates for the

next step.

3.11 Application of metal salt/[hmim]Br to other reactions

In accordance with using [hmim]Br coupled with transition metal salt for
oxidation of alcohols (Chapter Il) and aromatization (this Chapter), these reactions
provided the desired products in good yield under the developed protocols. Other
types of substrates were considered in order to apply this kind of catalytic system via

oxidation process in regards to a new recyclable catalytic system.

Oxidative coupling reaction is one of important protocols in organic synthesis
for the formation of a new carbon-carbon bond between two either identical or
different compounds. Phenolic compounds which are normally found as parts of
naturally occurring compounds are also naturally transformed in the biosynthesis of

bioactive substances via oxidation process [130].

3.11.1 Literature Reviews on Phenolic Coupling

Over this past decade, many reports have reviewed oxidative coupling of
phenolic compounds. Most of these reactions were catalyzed by a variety of metal

catalysts and/or oxidizing agents to the desired coupling products.

Tanaka and co-workers [131] investigated oxidative coupling of p-cresol with
dichromate in aqueous solution. In the process, three products: dimeric (1) and trimeric
(2) cresols, and dimeric ketone (3), were produced in similar yields with their previous

work. Possible mechanism was proposed to occur via one-electron transfer.
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Me Me Me Me Me Me
K CrO (ag)
e OO OO
CH3COOH
OH 25°C. 92 h OH  OH OH OH  OH
p-cresol (1) (2)
(0]
e,
Me Me
(3)

Brussee and co-workers [132] explored the oxidative coupling of 2-naphthol
with copper(ll) amine complexes. Various amines were observed as one of factors to

gain the highest yield of binaphthol.

Pietikainen and Adlercreutz [133] studied the enzyme-catalyzed oxidation of p-
cresol in both organic and water media with horse-radish peroxidase (HRP) and H,O.,.
This reaction generated many products from low-molecular-weight to polymer

depending on the reaction conditions.

Me Me Me Me Me Me
H O
—=— OO0 g
HRP

OH OH OH OH OH OH

0) (I

0
+ O + Polymers
Me Me

D)

Hovorka and co-workers [134] demonstrated oxidative cross-coupling of several

2-naphtol derivatives with high selectivity catalyzed by Cu(ll)-amine complexes.

Noji and co-workers [135] developed a new catalytic system for the synthesis
of binaphthol derivatives under CuCl-amine complex from 2-naphthol coupling

reactions in air or O, atmosphere.
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Asakura and co-workers [136] displayed the controllable distribution of the
products from p-cresol oxidative coupling by adjusting concentration of FeCl; in water.

Generally, the substrate generated three main coupling products.

OH OH  OH
FeCl (ag) o 0
3 . O O N
25°C, 24 h
HyC HsC
CHa ,CH3 . CH3 Pummerer's ketone (3)
(1) 0-o direct-link dimer (2)

OH OH OH

CHs CH; CH;

o-o direct-link trimer (4)
Hu and co-workers [137] presented the binaphthol synthesis from aerobic
oxidative coupling of 2-naphthol with CuCl(OH)XTMEDA) catalyst in DCM. The product
as a racemic mixture could be separated into pure enantiomer from the crude reaction

by a modified method.

Love and Bills [138] described the preparation of 1,2-binaphthol (BINOL) from
oxidation of 2-naphthol with iron(lll) chloride supported on alumina by heating at
90 °C for 30 min. The developed method could be applied to many substrates which
afforded the expected products in high yields and good quality without using any

organic solvents.

R' R

R' R FeCl -6H O OO
32 _ OH
o Y
R' R

Yadav and co-workers [139] demonstrated a recyclable catalytic system for

oxidative coupling of B—naphthols with RuCls/[bmim]PFg system under O, atmosphere.
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The recovered IL containing ruthenium salt could be reused successively for three to

four times with slightly decreasing of the product yield.

R R"
R' OH RuCl -xH O OO
R R" [bmim]PFé, O2 R' OH
R R"

Egami and Katsuki [140] reported the oxidative coupling of 2-naphthols

catalyzed by various iron complexes in air. With some chiral ligands, reactions provided

the desired products with high enantioselectivity.

OH Fe(salan) complexes OO
- OH
toluene, air, 24 h ] ] OH

Based on the above examples, p-cresol and 2-naphthol derivatives were

explored. Various metal catalysts; especially Fe(lll) and Cu(ll) salts, were examined.
Though these catalysts could provide the desired coupling products, their reactions
required long reaction time, high temperature, volatile or toxic organic solvents, and
stoichiometric amounts of reagents. To address these problems, some reactions
utilized ILs for the recyclability of the catalytic systems. For p-cresol, there have never
been reports for the coupling reactions in ILs; however, the reaction provided many
coupling products that may be uncontrollable. Therefore, the coupling reaction of 2-

naphthol utilizing the developed catalytic system of metal salt/[hmim]Br was focused.

3.11.2 Scope of This Work

The oxidation of phenolic compounds to the desired coupling products under
a recyclable catalytic system between the combination of metal salt and [hmim]Br
will be concerned. The optimization of this catalytic system will be described and then

applied to other compounds.
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3.11.3 Experimental

All instruments, equipment, and chemicals were performed or prepared
according to Chapter Il and the above mentioned part of this chapter without further
modification. For product purification, semi-preparative HPLC was performed on Waters
600 controller with Water 2996 photodiode array detector, column Cyg (250 mm x 4.6

mm x 5 pm).

3.11.4 General Procedure

A typical process for phenolic coupling of 2-naphthol was conducted as
follows: to a 50 mL round-bottle flask containing a mixture of a metal salt and
[hmim]Br was gradually added 2-naphthol. Then, the mixture was stirred at room
temperature for 24 h. Next, the reaction was extracted with Et,O (3x10 mL) to remove
all compounds from the crude reaction. The organic layer was washed with DI water,
NaHCOs, and dried over anhydrous Na,SOq, respectively. After evaporating all organic
solvents, the crude mixture was analyzed by NMR or purified by silica gel column.
Semi-preparative HPLC was operated using solvent system of 70% MeOH + 30% H,0O

with flow rate of 2 mL/min to obtain pure compounds.

3.11.5 Results & Discussion

3.11.5.1 Preparation of 1,1'—Bi—2—naphthol

Initially, the target product (BINOL) was prepared in accordance with the similar
process as afore-mentioned [141]. The full steps for the preparation of the target

compound are shown below:

To a hot aqueous solution of 2-naphthol (25 mmol in 150 mL of water) in 250
mL, two-necked, round-bottled flask connecting to the reflux condenser was gradually
added with solution of FeCl; (7g) in water 15 mL with vigorous stirring. After refluxing
for 5-10 min, the hot suspension was filtered, and washed with boiling water until the

filtrate turned colorless. Then, the residue was left to dry and re-crystallized with
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toluene. The synthesized bi-naphthol was confirmed of its identity by NMR technique

by comparing with literature data.

1,1'-Bi-2-naphthol [142]: colorless crystal; *H NMR (CDCls) & 8.01 (d, J = 8.9 Hz,
2H), 7.92 (d, J = 8.0 Hz, 2H), 7.42-7.39 (m, 4H), 7.34 (d, J = 7.6 Hz, 2H), 7.18 (d, J = 8.3
Hz, 2H), 5.09 (s, 2H). *C NMR (CDCly) & 152.8, 133.4, 131.4, 129.5, 128.40, 127.5, 124.2,
124.0, 117.8, 110.9.

3.11.5.2 Reactions on 2-naphthol substrate

Based on previous reviews, DCM was found to be a suitable solvent for coupling
reactions. Thus, some experiments were conducted in DCM, and [hmim]Br as solvents
without any catalysts. The results were compared to explain their effects as shown in

Figure 3.9.

OH catalyst-free

DCM
RT, 24 h

- N.R. (1)

catalyst-free

OH
[Ahmim]Br

RT, 24 h

Figure 3.9 Catalyst-free experiments on 2-naphthol

Operating reactions in both DCM (1) and [hmim]Br (2) afforded only the
substrate recovery. The catalysts should thus be an important factor for this reaction.
The reactions with FeCl; and CuCl, were carried out under the same standard method.

Table 3.8 displays coupling reaction of 2-naphthol with metal salts in [hmim]Br.
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Table 3.8 Phenolic coupling of 2-naphthol with metal salt in [hmim]Br®

OH metal salt
> + Unkl
(hmim]Br OO OH

(1) RT, 24 h (3)
(2)
Metal salt Results®
Temperature
Entry SM Recovery BINOL  Unk1
Type  Amount (eq) (°O

(1) (2) (3)
1° FeCly 1 RT - v -
2 1 RT v - -
3 1 90 v - v
il 2 RT v - -
50 CuCl, 1 RT v v -
6 1 RT - - v
7 1 90 - - -
8 2 RT - - v
9 0.16 RT v - v

 General condition: substrate (1 equiv), metal salt (1 equiv), room temperature (28 °C)

for 24 h in [hmim]Br
®DCM

© The result was analyzed by checking with the 'H NMR and TLC of the crude mixture
to identify the products: v detectable amount, — trace or not found
For iron(lll) chloride (entries 1-4), in DCM (entry 1) the reaction generated only

bi-naphthol which could be clearly identified from the 'H NMR spectrum as shown in
Figure 3.10.
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Figure 3.10 The 'H NMR spectrum of the crude mixture from Table 3.8, entry 1

In contrast, the reaction with [hmim]Br (entry 2) afforded only the substrate

recovery. The 'H NMR spectrum of the crude reaction is presented in Figure 3.11.

5.13

ARRHHS

6
f1 (ppm)

Figure 3.11 The 'H NMR spectrum of the crude reaction from Table 3.8, entry 2
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Then, after treating the reaction at higher temperature (entry 3) there was an
unknown compound (Unk1) with a little bit different NMR patterns around aromatic
region (0 85 to 7.0 ppm) (Figure 3.12). Simultaneously, the reaction at room
temperature using twice amounts of the catalyst (entry 4) provided only the substrate
recovery. From all results (entries 1-4), FeCl; was not suitable as a catalyst for coupling
reaction of 2-naphthol in [hmim]Br system because it could not generate the target
product in either at room or higher temperatures. Moreover, after roughly analyzing
the 'H NMR of Unk1 compared with other possible products in previous works [143],
Unk1 was not related to any of those possible ones (Figure 3.13). Therefore, no further

investigation on the reaction was performed.

Only SM
Et,0

SM + Unk1

Et,0

VR

Mo

nnnnnnn

Figure 3.12 Comparison of the 1H NMR spectra between no reaction (top) and

the incomplete reaction (entry 3) (bottom)
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(E)-6H,6'H-[2,2'-binaphthaleneidene]-6,6'-dione

o SO
U T
dinaphtho[2,1-6:1",2'-d]furan (2,8";(8,2)-dioxo-1,1"-binaphthyl
(DNF) (DOB)

Figure 3.13 Other possible products from previous works

Continuing with the reactions using CuCl, (entries 5-9), in DCM and 1 equiv of
the catalyst (entry 5), the reaction produced bi-naphthol while the substrate still
remained in the mixture. On the other hand, in [hmim]Br system (entry 6) an unknown
product was found as the sole product which was the same as that from the reaction
using FeCls (entry 3). With some unidentified impurities and due to the fact that all
reactions were performed in small scale, the isolation of all major compounds will be
carried out later in large scale process. When heat was applied (entry 7), a lot of
impurities were detected. The developed condition may be too extreme for any
products to remain in the system. Doubling the catalyst (entry 8) also offered solely

Unk1 while reducing to 0.16 equiv (entry 9) provided mixtures.

The system with [hmim]Br coupled with CuCl, was not appropriate to generate
the target bi-naphthol; however, Unkl was found as the sole product for this catalytic
system with both catalysts. To focus on the identification of Unkl, a reaction was
operated in scale up under the above condition in Table 3.8, entry 8. The Unkl in the
crude mixture was isolated and analyzed for its characteristic with NMR. Based on the
reference, Unk1 was identified as 1-bromo-2-naphthol as shown in 'H and *C NMR

spectra in Figure 3.14.
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1-Bromo-2-naphthol [144]: pale yellow solid; "H NMR (CDCl;) & 8.06 (d, J = 8.5
Hz, 1H), 7.79 (m, 2H), 7.60 (t, J = 8.2 Hz, 1H), 7.42 (t, J = 7.9 Hz, 1H), 7.29 (d, J = 8.7 Hz,
1H), 5.96 (s, 1H); *C NMR (CDCl3) 0 150.6, 132.3, 129.7, 129.3, 128.2, 127.8, 125.3, 124.1,
117.2, 106.1.
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Figure 3.14 The 'H and ">C NMR spectra of 1-bromo-2-naphthol (Unk1)
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The reactions which produced 1-bromo-2-naphthol performed under a metal
salt/[hmim]Br catalytic system were summarized in Figure 3.15. In this system, [hmim]Br
acted as both solvent and a brominating agent. This metal salt/[hmim]Br was unable

to oxidize phenolic substrate to their coupling product as firstly presumed.

Br® Br
OH \N(:)\N FeCL3/heat OH
E) 99
or
thrim]Br CuClZ/RT

Figure 3.15 Bromination of 2-naphthol

3.11.6 Conclusion

The objective of this part is to apply a developed catalytic system consisting
of metal salt/[hmim]Br with phenolic compounds to gain the corresponding coupling
products. Unfortunately, the reactions could not produce the target coupling product,

instead brominated compounds was attained.



CHAPTER IV
OXIDATIVE DEHYDROGENATION OF N-HETEROCYCLES

4.1 Introduction

In this chapter, the overall contents are cooperative work between Dr.Weiyou
Zhou and the author being a reprint of the material as it appears in Synlett, 2016,
27(12), 1806-1809. “A Convenient Procedure for the Oxidative Dehydrogenation of
N-Heterocycles Catalyzed by FeCl,/DMSO” [145].

Heterocyclic compounds are one of major classes of organic substances. A
number of heterocycles are useful as part of both industrial and pharmaceutical
products such as nucleic acids, vitamins, and antibiotics in natural occurring
compounds, synthetic products for use as drugs, dyes, plastic, and pesticides [146].
There are a lot of methods for the preparation of these heterocycles. Dehydrogenation
is an important method for these syntheses. Among these, N-heterocycles consisting
of at least one nitrogen atom in their rings are found to be interesting according to the

previously reported application.

4.2 Literature Reviews

There have been certain reports addressing the dehydrogenation of saturated
N-heterocyclic compounds to furnish aromatic heterocycles using various catalytic

systems.

Yamaguchi and Mizuno [147] presented an efficient Ru catalyst supported on
alumina for the transformation of various amines to their corresponding unsaturated
products under oxygen atmosphere. This heterogeneous catalytic system could be
reused for both aliphatic and cyclic amine oxidations yielding the products in large

amount.
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Ru/Al O
NH, 273
R7< + O > R—-C=N + 2HO
H H 2 toluene, 100°C 2
10
NH, Ru/AlZO3 R,
R17< +1/20 - NH + HO
H 2 toluene, 100°C R 2
R2 2
20

Choi and Doyle [148] developed dirhodium caprolactamate [Rhy(cap),]
complex for catalytic oxidation of secondary amines in the presence of TBHP to

prepare imines with high chemo- and regioselectivity.

H
N— H ha(cap)4 (1 mol%) N= H
TBHP (2 eq)
MeO N MeO N
KZCO3 (1eq

o)

DCM, RT, 2 h

Li and co-workers [149] investigated aerobic oxidation of amines catalyzed by
Co304-supported ruthenium catalyst. The developed catalyst could be reused even
under solvent-free conditions. The reactions of various amines afforded the desired

products from moderate to excellent yields at 100-150 °C for 24-48 h.
Ru/Co O
N 100°C, 02 N
H
©/CF3

Yamasguchi and co-workers [150] described reversible dehydrogenation-

hydrogenation of N-heterocycles catalyzed by Cp*Ir complexes. A variety of the
substituted complexes was performed with 1,2,3,4-tetrahydroquinoline derivatives to
investigate the catalytic performance. The reversible process could be successfully

done in the presence of H, with a different complex comparing with dehydrogenation.
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Cp*\Ir/H\Ir/CI
~N
c” H  cpr

Mikami and co-workers [151] examined tetrahydroquinoline-quinoline
reversible dehydrogenation-hydrogenation reaction utilizing a supported carbon

nanoparticle catalyst on titania surface (Cu/TiO,).

-H

S
hungyakom Unnersiy

+H
2

Muthaiah and Hong [152] studied ruthenium-hydride complexes catalyzed the
dehydrogenation/oxidation of alcohols and N-containing heterocycles to the
corresponding ketones and N-unsaturated products; respectively. Moreover, the ligand
dissociation pathway could be used to explain the mechanism of this catalytic system

by the kinetic and NMR investigations.
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OH y
R)\R, of . NR [Ru-H ]
0
PR O RN R [Ru] "

Condition: SM (1 eq), RuHZ(CO)(PPh3)3 (5 mol%), mesitylene, 165°C, 24 h

Wu and co-workers [153] demonstrated the oxidant-free dehydrogenation of
N-heterocycles under iridium complexes. Instead of using any oxidants, 2,2,2-
trifluoroethanol (TFE) played important roles towards the reactions because it can
activate the catalyst by dissociating some ligands. Several substituted iridium
complexes were synthesized and dehydrogenated tetrahydroquinoline to obtain the
optimum condition. Various tetrahydroquinoline derivatives were investigated under

the developed protocol, and afforded the corresponding quinolines in high yields.

2 2
R Ir complex (0.1 mol%) R X
—R! —R'" + 2H
H/ TFE, reflux N 2

20 h, N
2
Ir complex: | /©/
CI—Ir—lN
OMe

Zhang and co-workers [154] reported iron-catalyzed aerobic oxidation reactions
for the preparation of imines from direct transformation of amines under air
atmosphere. This catalytic system provided the corresponding imines in high yields
from primary, secondary, and benzylamines, while N-heterocycles such as 1,2,3,4-
tetrahydroquinoline, and indoline were converted in low to moderate yields.

RIONH,  FelNO ) /TEMPO (5/5 mol%)  R1™SNR!

or or

air, toluene, 80°C, 24 h =
2/\H/\R3 Rz’\N/\R3

R
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Yao and co-workers [155] presented catalytic dehydrogenation of alkanes and
heterocycles utilizing iridium-pincer complex. The developed iridium complex was
used for hydrogen transfer process with various parameters to obtain the optimum
condition. Numerous heterocycles were investigated under the developed system with

adjusting some factors to gain the maximum vyield of each substrate.

Ir-pincer complex (0.1-5 mol%)
0.2-10 mol% NaOtBu _ dehydrogenated

120°C, p-xylene heterocycles
1a-p 2a_p
>{\ (1-4 eq)

Chakraborty and  co-workers  [156] disclosed both iron-catalyzed

heterocycles

dehydrogenation and hydrogenation of N-heterocycles affording the related products
in high yields. The NMR and trapping techniques were used to gain mechanistic insights
of the catalytic system. The iron complex with bis(phosphino)amine pincer ligand acted

as a hydrogen-transfer compound instead of using external oxidants.

Wendlandt and Stahl [157] observed dehydrogenation of tetrahydroquinolines
under O, atmosphere or air with o-quinone-based catalysts and Co(salophen)
cocatalyst. A number of quinoline derivatives were synthesized successfully under the

developed system.

2.5 mol% [Ru(phd)3](PF6)2
X 5.0 mol% Co(salophen) = XX
= MeCN, RT, air = N/

Jawale and co-workers [158] reviewed a nanohybrid catalyst containing
rhodium particles supported on carbon nanotubes for dehydrogenation of N-
heterocycles in the presence of tert-butylcatechol (TBC) as cocatalyst under air and
room temperature. Several N-containing substrates were transformed into their

dehydrogenated products with excellent yields within 8-12 h in CHCl3/H,0 (3:1).

Cui and co-workers [159] developed carbon supported iron oxides being

immobilized with nitrogen-drop-graphene shells as catalysts (FeOx@NGr-C) for



94

oxidative dehydrogenation of N-heterocyclic compounds. The newly synthesized
catalysts were prepared, characterized and applied to investigate their activity and
stability in catalytic oxidation of N-heterocycles. Twenty-three substrates of substituted
tetrahydroquinolines were examined under this new catalytic system.

FeO @NGr-C (0.18 mol% Fe)
X

Rz—: P 7R1 R2+ /)—R1 + 2HO
H air (15 bar), heptane (2 mL) N 2

100°C, 12 h

losub and Stahl [160] exhibited oxidative dehydrogenation of N-heterocycles
catalyzed by nitrogen-drop carbon supported cobalt oxides. A variety of substituted
1,2,3,4-tetrahydroquinolines were successfully transformed into their corresponding
quinolines in excellent yields. At the same time, other N-containing compounds could

be converted under the developed system with moderate to high yields.

Co_O -NGI/C, K CO N
1 3 4 2 3 1
N MeOH, 60°C N

O (1 atm)
2

N

Xu and co-workers [161] described cobalt-pincer catalyst for dehydrogenation-
hydrogenation of N-heterocycles. The reactions were performed for several days to

obtain the maximum yield of the desired products under the oxidant-free condition.

Nature of the substrates displayed the most effects to the product yields.
H
2

p-xylene, 150°C
/ Cat. \
~ |BAT,

H
A \ X
L) | o, | D
ZN Cy,P—Co—PCy, ZON
H \

CH,SiMes

THF, 120°C

H2 (10 atm)
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Referring to the reviews, the catalytic systems for the dehydrogenation could
be classified into two types as oxidant-free and oxidant-required dehydrogenations.
Even though these reactions afforded the desired products in high yields, some
disadvantages still could not be avoided such as using expensive metal catalysts (Rh,
Ru, Pd, Ir), requiring drastic conditions (high pressure, and high temperature),
demanding stoichiometric amounts of reagents, and having many steps for either
catalyst preparation or reaction process. Therefore, a catalytic system utilizing a simple

metal salt under a simple method is preferable.

Though, iron catalysts have been reviewed in a number of catalytic oxidations
[162], only a few examples have been reported in the presence of O, as a mild
oxidizing agent including the works relating to dehydrogenation. The challenges, thus,
are still remained with regards to using inexpensive commercial, and environmentally
friendly iron salt under mild conditions with simple steps and high productivity of the

desired products.

4.3 Scope of This Work

The methodology study for the preparation of N-heterocyclic compounds
catalyzed by iron salt coupled with DMSO under O, atmosphere will be concentrated.
The objective of this research is to develop a simple catalytic system of FeCl,/DMSO
to synthesize aromatic N-heterocycles from various partially saturated substrates via
oxidative dehydrogenation process, and to investigate the optimal conditions for the
preparation of these aromatic compounds. Moreover, the mechanistic study of the

developed system will be conducted to explain the reaction pathway.

4.4 Experimental

4.4.1 Instrument and Equipment

Column chromatography was performed on silica gel (Merck Kieselgel 60, 70-
230 mesh). Thin layer chromatography (TLC) was carried out on aluminum sheets

precoated with silica gel (Merck Kieselgel 60 PFs4).
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The 'H and >C NMR spectra were operated in deuterated chloroform (CDCl,)
with tetramethylsilane (TMS) as an internal reference on the NMR Bruker Advance 400
spectrometer which operated at 400 MHz for 'H and 100 MHz for °C nuclei. The
chemical shifts (3) are assigned by comparison with residue solvent protons. Agilent
QTOF 7200 instrument was conducted to obtain High-resolution mass spectra. A

Gallenkamp melting point apparatus measured melting points.

4.4.2 Chemicals

The reagents used for synthesis were purchased from Aldrich, and Alfa chemical
companies or otherwise stated and were used without further purification. All solvents
used in this research were purified prior to use by standard methodology except for

those which were reagent grades.
4.4.3 General Procedure

4.4.3.1 Preparation of 1,2,3,4-Tetrahydroquinolines

To a solution of a commercially available quinoline (8 mmol) and NiCl,6H,0
(1.4 mmol) in MeOH (30 mL) was added in portions with NaBH, (32 mmol) while stirring
for 30 min under cooling. Then, the mixture was further stirred at room temperature
for 30 min. After that, MeOH was removed by reduced-pressure evaporator, and 10%
HCl was added to the solid residue. The acid solution was neutralized with
concentrated AWOH)s;, extracted with Et,O, and the organic layer was dried with
anhydrous  MgSOq4.  After removing the organic solvent, the expected
tetrahydroquinoline (> 90%) was obtained and identified by NMR spectral comparison
with data in literature [163].

4.4.3.2 Preparation of 1,2,3,4-Tetrahydroquinoxalines

1,2,3,4-Tetrahydroquinoxaline derivatives were synthesized by reduction with
the same method as tetrahydroquinoline preparation, and confirmed for their

structures with NMR comparing with authentic samples or literature [163].
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4.4.3.3 Typical Procedure for Oxidative Dehydrogenation

To a mixture of 1,2,3 d-tetrahydroquinoline (0.5 mmol), FeCl, (3 mol%), DMSO
(0.4 mmol), and p-xylene (1 mL) in a Schlenk tube equipped with a magnetic bar was
stirred at 110 °C under O, atmosphere using a balloon. After the reaction was complete
as monitored by TLC, and cooled to room temperature. The desired product was
isolated from the crude reaction by silica gel column (flash chromatography) with
hexane/EtOAc 10:1 system. The isolated product was determined of its identity by
NMR.

4.4.4 Optimization Study

4.4.4.1 Effects of Iron Catalysts

This investigation was carried out under the condition described in the typical
procedure without DMSO for 24 h. Four different iron salts: iron(ll) chloride (FeCl,),
iron(Il)  bromide  (FeBr,), iron(ll) tetrafluoroborate  (Fe(BF,),), and iron(ll)
trifluoromethanesulfonate (Fe(OTf),) were examined to compare their effects on the

oxidation.

4.4.4.2 Effects of Solvents

In order to find the most suitable solvent, six organic solvents: ACN, EtOAc,
THF, DMF, DMSO, and p-xylene, were investigated in the reactions under the general
condition for 24 h.

4.4.4.3 Effects of DMSO Concentration

To study the effects of DMSO concentration under a similar protocol to the
dehydrogenation, various amounts of DMSO: 0.0, 0.15, 0.3, 0.8, 1.5, and 3.0 equiv based

on the substrate were investigated.
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4.4.4.4 Effects of Reaction Temperatures

Effects of reaction temperature were studied with three reaction temperatures

at 80, 90, and 110 °C using the typical procedure.

4.4.5 Oxidative Dehydrogenation of 1,2,3,4-Tetrahydroquinoline Derivatives

General procedure from the oxidative dehydrogenation of 1,2,3,4-
tetrahydroquinoline was performed by using several 1,2,3,4-tetrahydroquinoline

derivatives in order to study the effects of substituent towards this catalytic system.

4.4.6 Oxidative Dehydrogenation of Other N-Containing Compounds

To extend the scope of this catalytic system, numerous N-containing

compounds besides tetrahydroquinolines were examined under the typical condition.

4.4.7 Mechanistic Study for Oxidative Dehydrogenation

To explain the mechanism of this catalytic system, individual experiments were
performed by adding additives and using N-methylquinoline as a substrate under the

developed protocol.

4.5 Results and Discussion

A convenient catalytic system was developed and thoroughly explored to
obtain suitable conditions for the preparation of quinolines from tetrahydroquinolines
via dehydrogenation under O, atmosphere. The explanation on the reaction pathway

was also disclosed according to the mechanistic study.

4.5.1 Optimization Study

Numerous N-heterocycles prepared from the dehydrogenation of their
corresponding partially saturated N-heterocyclic compounds were investigated to find
the most suitable condition using an iron salt/DMSO system in the presence of O,.
A few different parameters were chosen such as iron salts, solvents, amounts of DMSO,

and reaction temperatures. 1,2,3,4-Tetrahydroquinoline (1 equiv) was treated under
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the typical condition using 3 mol% of iron salt under O, balloon at 110 °C for 24 h.
The expected product was determined by isolation with silica gel flash column

chromatography using hexane/EtOAc eluent system.

Quinoline as the desired product was confirmed by NMR. The 'H and "C NMR
spectra of the product is displayed in Figure 4.1.

Quinoline [164]: faint yellow oil; 'H NMR (CDCls) & 8.91 (d, J = 4.0 Hz, 1H), 8.15
-8.11 (m, 2H), 7.81 (d, J = 8.0 Hz, 1H), 7.71 (t, J = 8.0 Hz, 1H) 7.54 (t, J = 8.0 Hz, 2H),
7.38 (m, 1H); °C NMR (CDCl;) & 150.4, 148.2, 136.1, 129.5, 129.4, 127.8, 126.6, 121.1.
HRMS calcd for (CoH;N+H™): 130.0657; found: 130.0652.

T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)
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Figure 4.1 The 'H and >C NMR spectra of quinoline

4.5.1.1 Effects of Iron Catalysts

This screening was to observe the influences of iron salts for the oxidative
dehydrogenation of 1,2,3,4-tetrahydroquinoline in order to find the most suitable
catalyst under the optimal condition. Several iron salts containing different anions were
chosen and operated at 140 °C for 24 h in p-xylene. Table 4.1 exhibits the oxidative

dehydrogenation of 1,2,3,4-tetrahydroquinoline under a variety of iron salts.

With ligand-free conditions, all selected iron compounds offered the
corresponding aromatics (entries 1-4) with various yields. FeCl, (entry 1) provided the
highest yield in moderate amount (45 %). Thus, FeCl, was found to be the most
suitable catalyst and was worth carrying out for further examinations to improve the

product yield.
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Table 4.1 Primary screening on the effects of iron salts to the oxidative
dehydrogenation?
@)
2
@j 3 mol% lIron salt @
N p-xylene N"
H 140°C, 24 h
Entry Iron salt Yield (%)°
1 FeCl, 45
2 FeBr, 26
3 Fe(BFy), 8
a4 Fe(OTf), 23

¢ Condition: substrate (0.5 mmol) under O, (1 atm), iron(ll) salt (3 mol%), solvent (1 mL)

®Isolated yields

4.5.1.2 Effects of Solvents

One of major factors on the reaction reactivity was solvent systems. To improve
the product yield, numerous organic solvents were explored under the typical
procedure with a slightly lower reaction temperature (at 100 °C) than previous

observations (at 140 °C). The results are displayed in Table 4.2.

With some comparisons between boiling point, and/or polarity of those
selected solvents [165] with the product yield (entries 1-6), their relationships varied
and could not be useful to explain their effects towards this catalytic system. Using
DMSO (entry 6) afforded the product with 100 % conversion, while the substrate was
still recovered from other reactions (entries 1-5). Although, using DMSO (entry 6)
yielded the product in higher amount than using p-xylene (entry 5), the yield was not
improved comparing with previous condition (Table 4.1, entry 1). Concurrently, under
catalyst-free condition (entry 7) with DMSO the reaction generated unexpectedly the
desired product with 23% vyield. It could be explained that DMSO itself acted as an

oxidizing agent [166] for the dehydrogenation under O, atmosphere. The oxidative
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dehydrogenation of this kind of substrate was thoroughly re-investigated by adding
DMSO in the presence of iron catalyst in p-xylene so that the maximum product yield

were obtained.

Table 4.2 Effects of solvents on the oxidative dehydrogenation®
Oz
@\/j 3 mol% FeClZ . @
SRS
Entry Iron salt Solvent Yield (%)°
1 FeCl, ACN 25
2 EtOAC 12
3 THF trace
4 DMF 13
5 p-xylene 24
6 DMSO a2
7 - DMSO 23

¢ Condition: 1,2,3,4-tetrahydroquinoline (0.5 mmol) under O, (1 atm), solvent (1 mL)

® Isolated yields

4.5.1.3 Effects of DMSO Concentrations

This examination was to search for a role of DMSO in this catalytic system.
Several different amounts of DMSO were explored for the dehydrogenation of 1,2,3,4-
tetrahydroquinoline under O, atmosphere. The effects of DMSO concentrations are

exhibited in Table 4.3.

Under DMSO-free condition (entry 1), the expected product was found only 24
% isolated yield. Though using 3.0 equiv of DMSO (entry 2) clearly increased the yield
(41 %), the product amount was not improved compared to the reaction using DMSO
(Table 4.2, entry 6 with 42%). Adding more DMSO was not able to increase the yield

due to some unidentified effects. Reducing DMSO amounts by using 1.5, 0.8, 0.3 equiv
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(entries 3-5, respectively) offered slightly higher yield than previous conditions, on the
other hand, using 0.15 equiv of DMSO significantly decreased the yield to only 13 %.
As the results, 0.8 equiv of DMSO (entry 4) which provided the highest yield was chosen
to be the best amount for this catalytic system with the indication of a synergistic

effect between FeCl, and DMSQO in the reaction.

Table 4.3 Effects of DMSO concentrations®

Oz
3 mol% FeCL2 . N
100°C, 24 h
Entry Amount of DMSO (eq) Yield (%)°
1 0.0 24
2 3.0 41
3 1.5 48
4 0.8 52
5 0.3 46
6 0.15 13

¢ Condition: 1,2,3,4-tetrahydroquinoline (0.5 mmol) under O, (1 atm), solvent (1 mL),
DMSO (0.0-3.0 equiv))

® Isolated yields

4.5.1.4 Effects of Reaction Temperatures

This observation was carried out by varying several reaction temperatures for
the oxidative dehydrogenation of 1,2,3,4-tetrahydroquinoline in order to obtain an

optimum condition of this catalytic system. Table 4.4 displays all the results.

At 100 °C (entry 3), the reaction generated the product with 52% isolated yield.
Using reduced temperatures (entries 1-2) produced the expected compound in lower
yields (32% at 80 °C and 42% at 90 °C) than the previous method. In contrast,

conducting the reaction at higher temperature (110 °C, entry 4) afforded better yields
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of the product (65%). Thus, 110°C was the most suitable temperature for this oxidative

dehydrogenation.
Table 4.4 Effects of reaction temperatures®
@)
2
@\/j 3 mol% FeCLZ @
N p-xylene NG
H DMSO (0.8 equiv.)
Temperature, 24 h
Entry Temperature (°C) Yield (%)°
1 80 32
2 90 a2
3 100 52
a4 110 65

¢ Condition: 1,2,3,4-tetrahydroquinoline (0.5 mmol) under O, (1 atm), solvent (1 mL),
temperature (80-110 °C)

® Isolated yields

Referring to all the aforementioned results, the maximum yield was obtained
from the oxidative dehydrogenation of 1,2,3,d-tetrahydroquinoline by using the
combination of FeCl, and DMSO in p-xylene under O, atmosphere at 110°C for 24 h.

The summary of the optimization is shown in Figure 4.2.

O2
@\/j 3 mol% FeCLZ . @
N p-xylene NG
H DMSO (0.8 equiv.)
110°C, 24 h

Figure 4.2 The optimum condition for oxidative dehydrogenation of

1,2,3,4-tetrahydroquinoline



105

4.5.2 Oxidative Dehydrogenation of 1,2,3,4-Tetrahydroquinoline Derivatives

With the optimum condition in hand, a variety of substituted 1,2,3,4-
tetrahydroquinolines were further examined under this developed method to study
both steric, and electronic effects influences of substituents. Table 4.5 summarizes the

oxidative dehydrogenation of these tetrahydroquinolines.

For substrates with the substituent at positions 2, 3, and 4 of non-aromatic ring
(entries 2-4) and position 8 of the aromatic ring (entry 1), the reactions afforded the
corresponding products in good yields in 65, 82, 75, and 70%, respectively. The results
displayed that the substitution at these positions do not have much effects in this

catalytic system.

Substrates containing two and three substituents were also investigated (entries
5-13). All reactions provided moderate to good yields (52-81%) of products. Notably,
the reactions of substrates containing electron-withdrawing groups (EWG) at 6 position
(entries 8-12) needed longer reaction times to reach completion. Then those EWG
should have huge effects to the production; however, referring to the product yields
which were similar to methyl-substituent substrate, their impacts were not effective
towards the conditions used. For 8-chloro-substituted substrate (entry 13), both
electronic effects from -Cl at C-8, and steric hindrance at C-2 should have an influence

on substrate reactivity because of the longer reaction time.

To confirm the assumption, 2-phenyl-1,2,3 d-tetrahydroquinoline (entry 14) was
chosen with regards to having a steric group at C-2. Surprisingly, the selected substrate
yielded the corresponding product in high yield in relatively short reaction time (8 h).
It may be due to the fact that —Ph group affected C-H bond strength at C-2 with their
surrounding electrons, and then made electronic effects play more important role than

steric hindrance in the oxidative dehydrogenation of these selected substrates.
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Table 4.5 Oxidative dehydrogenation of tetrahydroquinolines®

Entry Substrate Product Time (h)  Yield (%)°
A
1 > N N/ 24 70
H
X
2 S P 24 65
N N
H
g X
3 7 24 82
N N
H
q
X
—
N N
H
X
—
N N
H
X
6 P 24 73
N N
H
0 O AN
7 _ 24 59
N N
H
8 — 28 71
N N
H
Br Br X
9 — 26 71
N N
H
10 ~ 24 52
” N

¢ Condition: substrate (0.5 mmol), FeCl, (3 mol%), DMSO (0.8 equiv.), 110 °C, p-xylene
(1 mL) under O, (1 atm), ® Isolated yield
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Table 4.5 Continue®

Entry Substrate Product Time (h)  Yield (%)°
Cl Cl
N
H
Br Br
N
H
13 N @\/j\ 40 64
H I

N
=

14 N N 80
H

¢ Condition: substrate (0.5 mmol), FeCl, (3 mol%), DMSO (0.8 equiv.), 110°C, p-xylene

(1 mL) under O, (1 atm) with TLC monitoring for reaction times
® Isolated yield

Furthermore, an individual experiment was performed to gain more data on
the effects of the substituent at the 2 position by treating 2-cyclohexyl-1,2,3,4-

tetrahydroquinoline (a) with the developed catalytic system under the optimum

condition.
@)
2
FeCLZ/DMSO N
N p-xylene NG
H 110°C, 24 h
(a) (b)
not found

2-Cyclohexylquinoline (b) as the expected product was not detected within
24 h, although it may be found with longer reaction time. Thus, at C-2 steric hindrance
of cyclohexyl (-Cy) group could affect the activity of the reaction. This result could
obviously verify that the nature of the substituent at C-2 position was the most

essential factors influencing the reactivity of this oxidative dehydrogenation, and also
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demonstrated that the 2 position is a crucial point or the most active position for this

reaction.

8-Methylquinoline [167]: colorless oil; *H NMR (CDCls) & 8.93 (m, 1H), 8.10 (m
1H), 7.64 (d, J = 4.0 Hz, 1H), 7.54 (m, 1H), 7.43 - 7.35 (m, 2H) 2.82 (s, 3H); °C NMR
(CDCly) & 149.2, 147.3, 137.1, 136.3, 129.6, 128.3, 126.3, 125.9, 120.8, 18.2. HRMS calcd
for (CioHgN+H"): 144.0813; found: 144.0813.

2-Methylquinoline [168]: colorless oil; "H NMR (CDCls) & 8.03 — 8.01 (m, 2H),
7.75 (d, J = 8.0 Hz, 1H), 7.67 (m, 1H), 7.47 (m, 1H), 7.26 (m, 1H), 2.74 (s, 3H); °C NMR
(CDCly) O 158.9, 147.8, 136.2, 129.4, 128.6, 127.5, 126.5, 125.6, 121.9, 25.3. HRMS calcd
for (C1oHoN+H"): 144.0813; found: 144.0811.

3-Methylquinoline [169]: colorless oil; *H NMR (CDCls) & 8.75 (s, 1H), 8.07 (d, J
= 8.0 Hz, 1H), 7.87 (s, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.62 (m, 1H), 7.49 (m, 1H); *C NMR
(CDCly) O 152.4, 146.5, 134.6, 130.4, 129.1, 128.4, 128.1, 127.1, 126.5, 18.7. HRMS calcd
for (CyoHgN+H™): 144.0813; found: 144.0808.

4-Methylquinoline [170, 171]: colorless oil; *H NMR (CDCls) & 8.67 (d, J = 8.0
Hz, 1H), 8.01 (m, 1H) 7.88 (m, 1H), 7.60 (m, 1H), 7.46 (m, 1H), 7.10 (m, 1H), 2.58 (s, 3H);
13C NMR (CDCLls) & 150.1, 147.9, 144.2, 129.9, 129.1, 128.3, 126.2, 123.8, 121.8, 18.6.
HRMS calcd for (CyoHoN+H"): 144.0813; found: 144.0814.

2,5,7-Trimethylquinoline [172]: colorless oil; 'H NMR (CDCL;) & 8.12 (d, J = 8.0
Hz, 1H), 7.68 (s, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.13 (s, 1H), 2.71 (s, 3H), 2.60 (s, 3H), 2.49
(s, 3H); °C NMR (CDCl,) & 158.3, 148.4, 139.2, 133.9, 132.4, 128.5, 125.9, 123.8, 120.7,
25.1, 21.8, 18.4. HRMS calcd for (Cy,HsN+H"): 172.1126; found: 172.1126.

2,6-Dimethylquinoline [173]: colorless oil; *H NMR (CDCls) & 7.83 — 7.80 (m
2H), 7.0 — 7.37 (m, 2H), 7.11 (d, J = 8.0 Hz, 1H), 2.61 (s, 3H), 2.39 (s, 3H); *C NMR (CDCL,)
O 157.9, 146.4, 135.5, 135.3, 131.6, 128.2, 126.5, 126.4, 121.9, 25.2, 21.4. HRMS calcd
for (C;H;{N+H™): 158.0970; found: 158.0969.

6-Methoxy-2-quinoline [174]: colorless oil; 'H NMR (CDCLs) & 7.94-7.91 (m, 2H),
7.33 (dd, J = 8.0 and 4.0 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H), 7.03 (d, J = 2.0 Hz, 1H), 3.90
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(s, 3H), 2.70 (s, 3H); °C NMR (CDCls) & 157.1, 156.3, 143.9, 135.0, 129.9, 127.3, 122.2,
121.8, 105.2, 55.5, 24.9. HRMS calcd for (C;1H;;NO+H"): 174.0919; found: 174.0914.

6-Chloroquinoline [175]: yellow solid, mp. 39-41 °C; '"H NMR (CDCls) & 8.79
(dd, J = 6.0 and 1.6 Hz, 1H), 7.95-7.93 (m, 2H), 7.67 (d, J = 2.4 Hz, 1H), 7.53 (dd, J = 8.0
and 2.4 Hz, 1H), 7.29 (dd, J = 8.0 and 4.0 Hz, 1H); *C NMR (CDCl;) & 150.5, 146.6, 135.1,
132.2,131.1, 130.4, 128.8, 126.4, 121.9. HRMS calcd for (CoHsCIN+H"): 164.0267; found:
164.0264.

6-Bromoquinoline [175]: brown solid, mp. 22-23 °C; 'H NMR (CDCLs) & 8.92 (d,
J =3.6 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.99-7.97 (m, 2H), 7.78 (dd, J = 8.8 and 0.8 Hz,
1H) 7.42 (dd, J = 8.4 and 4.4 Hz, 1H); °C NMR (CDCl;) 0 150.7, 146.8, 135.0, 132.9, 131.2,
129.8, 129.3, 121.9, 120.4. HRMS calcd for (CgHBrN+H"): 207.9762; found: 207.9761.

6-Fluoro-2-methylquinoline [176]: yellow solid, mp. 51-53 °C; *H NMR (CDCls)
0 8.00 (dd, J = 9.2 and 5.6 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.46-7.41 (m, 1H), 7.36 (dd,
J=88and 2.4 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 2.72 (s, 3H); *C NMR (CDCl;) & 161.1,
158.2,144.9, 144.9, 135.5, 130.9, 122.7, 119.3, 110.3, 25.1. HRMS calcd for (C;oHgFN+H"):
162.0719; found: 162.0721.

6-Chloro-2-methylquinoline [177]: white solid, mp. 90-92 °C; 'H NMR (CDCl,)
O 7.94-7.89 (m, 2H), 7.70 (d, J = 2.4 Hz, 1H), 7.58 (dd, J = 8.8 and 2,4 Hz, 1H), 7.26 (d, J
= 8.4 Hz, 1H), 2.71 (s, 3H); °C NMR (CDCl;) & 159.3, 146.2, 135.2, 131.2, 130.2, 129.1,
127.0, 126.1, 122.8, 25.3. HRMS calcd for (CyoHgCIN+H"): 178.0424; found: 178.0425.

6-Bromo-2-methylquinoline [178]: white solid, mp. 96-97 °C; 'H NMR (CDCls)
S 7.91(d, J = 8.4 Hz, 1H), 7.89 (d, J = 2.0 Hz, 1H), 7.86 (d, J = 8.8 Hz, 1H), 7.72 (dd, J =
8.8 and 2.4 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 2.71 (s, 3H); '>)C NMR (CDCl;) & 159.5, 146.4,
135.1, 132.8, 130.4, 129.5, 127.6, 122.8, 119.3, 25.3. HRMS calcd for (C;oHsBrN+H"):
221.9918; found: 221.9920.

8-Chloro-2-methylquinoline [159]: colorless oil; 'H NMR (CDCLls) & 8.02 (d, J =
8.4 Hz, 1H), 7.78 (dd, J = 7.6 and 1.6 Hz, 1H), 7.67 (dd, J = 8.0 and 0.8 Hz, 1H), 7.38 -
7.31 (m, 2H), 2.61 (s, 3H); *C NMR (CDCl;) & 160.2, 144.0, 136.5, 132.7, 129.5, 127.8,
126.7, 125.5, 122.9, 25.7. HRMS calcd for (C;oHgCIN+H"):178.0424; found: 178.0426.
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2-Phenylquinoline [179]: white solid, mp. 85-86 °C; 'H NMR (CDCl,) & 8.12 -
8.07 (m, 4H), 7.78 - 7.71 (m, 2H), 7.65-7.62 (m, 1H), 7.46 — 7.35 (m, 4H); °C NMR (CDCls)
0 157.4,148.3, 139.7, 136.8, 129.8, 129.7, 129.3, 128.9, 127.6, 127.5, 127.2, 126.3, 119.0.
HRMS calcd for (CysHpN+H): 206.0970; found: 206.0971.

4.5.3 Oxidative Dehydrogenation of Other N-Containing Compounds

With the good reactivity of those tetrahydroquinoline derivatives, more
investigation on this catalytic system was expanded to other N-containing compounds.
Several N-containing substrates including a few substituted tetrahydroquinolines,
tetrahydroisoquinoline, tetrahydroquinoxaline, and indoline were examined based on

the typical method under the optimum condition. All results are shown in Table 4.6.

All selected N-containing substrates could be smoothly converted into their
corresponding unsaturated products under this developed system in moderate to
good yields (41-79% isolated yield). Even though most of the products were found in
lower yields than previous reports, some of them could be generated in comparable

yields such as acridine (entry 2), and quinoxaline (entries 4 or 6).

3-Methylbenzo[flquinoline [153]: brown solid, mp. 81-83 °C; 'H NMR (CDCls)
0 8.80 (d, J = 8.4 Hz, 1H), 8.56 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 2.4 Hz, 2H), 7.91 (dd, J =
7.6 and 1.2 Hz, 1H), 7.68 - 7.58 (m, 2H), 7.40 (d, J = 8.4 Hz, 1H), 2.78 (s, 3H); °C NMR
(CDCly) 6 158.4, 147.8, 131.8, 130.9, 130.7, 129.7, 128.6, 127.9, 127.0, 126.8, 123.2, 122.4,
121.8, 25.0. HRMS calcd for (CyqH;{N+H"): 194.0970; found: 194.0969.

Acridine [153]: yellow solid, mp. 108-109 °C; 'H NMR (CDCls) 8 8.69 (s, 1H), 8.17
(dd, J = 8.8 and 0.8 Hz, 2H), 7.92, (d, J = 8.4 Hz, 2H), 7.73 — 7.69 (m, 2H), 7.48 — 7.44 (m,
2H); °C NMR (CDCly) & 149.1, 136.1, 130.3, 129.4, 128.2, 126.6, 125.7. HRMS calcd for
(C15HgN+H": 180.0813; found: 180.0815.

Isoquinoline [164]: colorless oil; *H NMR (CDCLls) & 9.26 (s, 1H), 8.53 (d, J = 8.0
Hz, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.71 - 7.59 (m, 3H); °C NMR
(CDCly) & 152.5, 142.9, 135.8, 130.3, 128.7, 127.6, 127.2, 126.5, 120.4. HRMS calcd for
(CoH7N+H"): 130.0657; found: 130.0659.
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Table 4.6 Oxidative dehydrogenation of other N-containing compounds®

Entry Substrate Product Time (h) Yield (%)"°

I X 24 a1
~
N

24 ar

N
N

SO
N

I
N 34 61
H

? Condition: substrate (0.5 mmol), FeCl, (3 mol%), DMSO (0.8 equiv.), 110 °C, p-xylene

(1 mL) under O, (1 atm) with TLC monitoring for reaction times, ° Isolated yield

Quinoxaline [180]: brown solid, mp. 26-27 °C; 'H NMR (CDCls) & 8.78 (s, 2H),
8.07 — 8.03 (m, 2H), 7.73 — 7.69 (m, 2H); >C NMR (CDCls) 0 144.9, 143.0, 130.1, 129.5.
HRMS calcd for (CgHgN,+H™): 131.0609; found: 131.0612.

1H-Indole [181]: white solid, mp. 50-51 °C ; *H NMR (CDCl;) & 8.02 (bs, 1H), 7.65
(d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H) 7.21 - 7.10 (m, 3H), 6.55 (m, 1H); *C NMR
(CDCl) & 135.8, 127.9, 124.2, 122.0, 120.8, 119.8, 111.1, 102.6. HRMS calcd for
(CgHN+H"): 118.0657; found: 118.0658.
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2,3-Dimethylquinoxaline [182]: yellow solid, mp. 103-104 °C; 'H NMR (CDCl,)
O 7.98 - 7.96 (m, 2H), 7.66 — 7.64 (m, 2H), 2.71 (s, 6H); *C NMR (CDCl5) & 153.4, 141.0,
128.8, 128.3, 23.2. HRMS calcd for (CyoH ogN,+H"): 159.0922; found: 159.0923.

4.5.4 Mechanistic Study for Oxidative Dehydrogenation

In order to understand the mechanism of this oxidative dehydrogenation, some
extra experiments were conducted under the typical method with some adjustments
by adding 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical and 2,6-di-tert-butyl-1-
hydroxytoluene (BHT) to the reactions. The results are displayed in Table 4.7.

Table 4.7 Individual experiments to support the mechanistic study®
Oz
FeClZ/DMSO XN
©\/Hj Additive - ©\/Nj
Entry Additive® Conversion (%) Yield (%)

1 - 100 65
2 TEMPO 66 a5
3 BHT 100 69
qc - 0 0

¢ Condition: 1,2,3,4-tetrahydroquinoline (0.5 mmol), FeCl, (3 mol%), DMSO (0.8 equiv),
p-xylene (1 mL) at 110°C for 24 h under O, (1 atm) with isolated yield of the product

® 1.0 mmol
¢ Without O,

Comparing with 65% vyield of the isolated product under the additive-free
condition (entry 1), the yield was obviously decreased to 45% in the presence of
TEMPO (entry 2) while using BHT did not have much effects to the reaction process.
Due to the fact that both TEMPO and BHT are known as radical-scavenging reagents, it
meant that this catalytic cycle should be involved with radicals in some mechanistic

steps during the reaction procedures. In this case, TEMPO as a radical parent was able
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to rapidly trap any radical species including those involving mechanistic process. The
reaction was consequently inhibited. To verify the involvement of radicals which
normally came from O, source, the O,-free reaction was preformed (entry 4) and 0%
yield of the product observed. The results indicated that this oxidative
dehydrogenation was operated under radical process having O, as single-electron

sources.

A further examination was carried out by testing N-methyl-1,2,3,4-
tetrahydroquinoline as substrate under the developed protocol with the optimum
condition. No expected product was found under the oxidative dehydrogenation. This

demonstrated that the proton at N-H position is crucial for the dehydrogenation

L)

I
Me

process.

N-methyl-1,2,3,4-tetrahydroquinoline

In the meantime, some additional experiments were also carried out to search
for more information on the mechanistic explanation. The reactions proceeded as

shown in Figure 4.3.

O (1 atm)
2

FeCl2 (3 mol%)
0 e .
N p-xylene N
H 110°C

2-phenyl-1,2,3,4-tetrahydroquinoline 2-phenyl-3,4-dihydroquinoline

O = (12 h)
~
T

2-phenylquinoline

Figure 4.3 Additional supporting experiments for the mechanism study

Based on the previous result, 2-phenyl-1,2,3,4-tetrahydroquinoline (Table 4.5,
entry 14) fully yielded the desired product within short reaction time (8 h). The reaction
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of the same substrate was re-tested. Surprisingly, 2-phenyl-3,4-dihydroquinoline was
found to be the only product formed after 6 h. The same reaction was repeated using
longer reaction time (12 h). As expected, 2-phenylquinoline was generated. In
summary, 2-phenyl-3,4-dihydroquinoline was inferred as a stable intermediate that
could subsequently turn into the final product for this oxidative dehydrogenation

process.

According to the results and previous reports [153, 183], a possible mechanism
for the oxidative dehydrogenation of N-heterocycles utilizing FeCl,/DMSO was
proposed in Scheme 4.1. The mechanistic process was to create either imine or

enamine as an intermediate that could be finally converted into the desired product.

O
2
) L) —CI)
N Feth/DMSO +N ”
M

H

T (M = Fe?* or HY)

)

—

N

Scheme 4.1 A possible pathway for the oxidative dehydrogenation of
1,2,3,4-tetrahydroquinoline

4.6 Conclusion

This work aims to search for a valuable catalytic system to transform N-
heterocycles into their corresponding dehydrogenated products. Meanwhile, optimum
condition of this develop method was also systematically observed. This methodology
exhibited an excellent and convenient system for the dehydrogenation of partially
saturated N-heterocycles under O, atmosphere with FeCl,/DMSO system that could
offer the desired products in acceptable yields compared with previous works.
Moreover, the expected products were easily separated from the reaction mixture by

only using simple column chromatography technique.
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Using selected N-heterocycle (0.5 mmol) as substrate, 3.0 mol% FeCl, and
DMSO acting as a co-reagent at 110 °C for at least 24 h under O, (1 atm) was found to

be the best condition for the oxidative dehydrogenation of N-heterocycles.

Various substituted 1,2,3,d4-tetrahydroquinolines and other N-containing
compounds were investigated on their structures consisting of different substituents

under the developed protocol and could be summarized below:

1) One or a few substitutions on any positions of tetrahydroquinolines have no

effects to this catalytic system.

2) Electron-withdrawing groups as substituents tend to require longer reaction

time; however, while products are still afforded in good yields.

3) The reactions of substrates with the substitutions at the 2 and 8 positions

required longer reaction time due to both electronic and steric effects.

4) The substrate with phenyl group at the 2 position gives product in good yield

implying that electronic effects override the steric hindrance.

A possible mechanistic process was also indicated that O, is crucial for this

FeCl,/DMSO catalytic system.

4.7 Application

With a good reactivity of FeCl,/DMSO system for the oxidative dehydrogenation

of N-heterocycles, some applications of this catalytic system were investigated.

(a) The oxidative dehydrogenation of aliphatic cyclic amines

02 (1 atm)
O [ ) FeCL2 (3 mol%)
N or H N.R.
H p-xylene
piperidine pyrrolidine 110°C, 24 h

Other N-containing compounds with only saturated or single-bond structures

were tested based on the optimum condition. Both piperidine and pyrrolidine could
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not afford the corresponding products from the reaction condition employed. It may
be because the final products from previous experiments were mostly aromatic
compounds, therefore, the dehydrogenation process was smoothly proceeded with a
potent driving force to get the final most stable products and that made these aliphatic

cyclic amines show no reaction towards this catalytic system.

(b) The oxidative dehydrogenation of N-heterocycles in ILs

The FeCl,/DMSO system could not be reused or recycled for next reactions.
The FeCl,/DMSO system was operated in ILs with regards to obtaining a recyclable

catalytic system. The reaction was performed as shown in Figure 4.4.

Oz
FeClZ/DMSO SN
: N.R. (1)
[(hmim]Br N/
O

2
FeCl /DMSO N
. > N.R. (2)
p-xylene/[hmim]Br NG
Condition: substrate (0.5 mmol), FeCl2 (3 mol%), DMSO (0.8 eq),
solvent (1 mL) under O2 (1 atm), 110°C, 24 h

o)
o0

Figure 4.4 The oxidative dehydrogenation of 1,2,3,4-tetrahydroquinoline in IL

In reaction (1) from Figure 4.4, [hmim]Br was used resulting in the full recovery
of the substrate. It may be because the substrate could not dissolve well in IL, the
reaction thus provided no reaction. When a small amount of p-xylene was added to
the reaction to improve the solubility of the substrate (2), the substrate remained
intact in the reaction. In conclusion, the developed procedure was not suitable to be

applied in the chosen IL without any optimization.

(c) The oxidative dehydrogenation of cyclic hydrocarbons
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02 (1 atm)
FeCL2 (3 mol%)
200 - (1) e
DMSO (0.8 equiv.)
9,10-dihydroanthracene pylene anthracene
110°C, 24 h 0 0
(<10% conversion) O‘O O‘O
+

anthracen-9(10H)-one 0

anthracene-9,10-dione

The FeCl,/DMSO system was also applied to the dehydrogenation of cyclic
hydrocarbons. 9,10-Dihydroanthracene was treated with both optimum condition and
typical method as the oxidative dehydrogenation of N-heterocycles. After 24 h, the
reaction was stopped and all possible compounds obtained from the mixture were
investigated roughly by NMR. Three possible products were anthracene as the major
product, anthracen-9(10H)-one, and anthracene-9,10-dione. According to the results,
even though the target compound (anthracene) was obtained as the major product,
the unwanted compounds were also detected. Moreover, the product was found in
small amounts compared to the substrate recovery (less than 10% conversion).

Therefore, additional work is needed to further improve the reactions.



CHAPTER V
CONCLUSION

This research aims to develop the new methodology utilizing metal salt/IL for
transformation of organic compounds via oxidation process. The chosen IL was
employed in combination with simple transition-metal salts to create new recyclable

catalytic systems.

5.1 Oxidation of Alcohols

A new catalytic system containing FeCls/[hmim]Br in the presence of TBHP can
smoothly furnish the expected carbonyl compounds in good yields from oxidation of
a variety of alcohol substrates. Primary and secondary benzylic alcohols are the most
reactive compounds towards this catalytic system. No effect was observed from the
substituents of alcohol substrate. FeCls/[hmim]Br can be recovered and reused for
next cycles at least nine times with little change in of the product yield compared to

the previous cycle.

0
R OH R, R, =RorAr R1)J\OH

or or
OH FeCLa/[hmim]Br o)
R1)\R2 (40% to quant.) R1)J\R2

5.2 Aromatization of Cyclic Dienes

Aromatic compounds could be easily prepared in good yields from a number
of cyclic dienes hydrocarbons and N-heterocycles by using the developed catalytic
system (CuCly/[hmim]Br) and TBHP with short reaction time. In both substrate types,
due to the nature of some substrates or products such as indoline and naphthalene
that can be simply transformed under oxidation process, these expected products
were not obtained in high yields. The yield could be improved by deactivating those

substrates.
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5.3 Oxidative Dehydrogenation of Heterocyclic Amines

O, was chosen as an oxidizing agent instead of TBHP. Iron-catalyzed reactions
for oxidative dehydrogenation of N-heterocycles in ILs have rarely been studied. This

work thus investigated the new catalytic system in conventional organic solvents.

The oxidative dehydrogenation of N-heterocycles catalyzed by FeCl,/DMSO
could furnish the desired products in high yields. Moreover, the target products could
be easily obtained in high purity from the mixtures by simple column chromatography
purification without any work-up required. Furthermore, the investication on the
influences of the substituents indicated that the substitution at the 2 position on
1,2,3,4-tetrahydroquinoline displayed the most effects towards this developed

protocol.

The mechanisic study could evidently explain that the reaction proceeded via

radical intermediates.

B 02 r X

| 1
- T R
NN FeCl /DMSO NN

H

Isolated yield: 52-82%

5.4 Proposal of Future Work

From the technical point of views, the developed condition should be able to
prepare some bioactive compounds by the transformation of simple organic molecules

such as alcohols, alkenes, amines, etc.

For alcohol substrates, the controlled selectivity of the oxidation under
FeClsy/[hmim]Br for the conversion of polyhydroxy compounds is one of the crucial
points that need to be evaluated. The adjustment on the solubility of this catalytic

system should be thoroughly investigated.

Metal salt/IL should be further applied to other organic substrates in the
presence of different reagents so that various functional groups can be created under

other reactions besides the oxidation.
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Figure A-1 The 'H NMR spectra of 1-phenylethanol
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Figure A-2 The ">C NMR spectra of 1-phenylethanol
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Figure A-3 The 'H NMR spectra of 1-(4-Methoxyphenyl)ethanol
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Figure A-4 The ">C NMR spectra of 1-(4-Methoxyphenyl)ethanol



1.70
1.58
\1.57

e

142

ey

1.00"

=3
)
T T T T T T T T
11.0 105 100 95 90 85 80 7

Figure A-5 The 'H NMR spectra of 1-([1,1’-Biphenyl]-4-yl)ethanol

.5

70.17
—25.14

[ 20N n I~
BOT KNS
A==} O MN NN W
< < < NN NN
TEY a8«
VN N
ol

; ; ; ; ; ;

80 170 160 150 140 130 120

Figure A-6 The >C NMR spectra of 1-([1,1’-Biphenyl]-4-y\ethanol

90 80
f1 (ppm)



143

90y

vy

ow.vN

8T’

L~
(8L

90°0T —

F€6'C

o9

=18'C
96'T

=56°0
7560

7.0 6.5 6.0 2 ?.5 )5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
ppm!
Figure A-7 The 'H NMR spectra of [hmim]Br

7.5

11.0 10.5 10.0 9.5 9.0 8.5 8.0

11.5

b1°0S —

00°2ZT ~
[ZAY40d

LTLET—

80

f1 (ppm)
Figure A-8 The ">C NMR spectra of [hmim]Br

160 150 140 130 120 110 100 90

170



144

69° L~
seL”

806 —

Fe'e
oz

e

e
=00

/660
86'0

=00'T

T
5.5
f1 (ppm)

Figure A-9 The 'H NMR spectra of [omim]BF,

8T'ET —
°L8T —

6C°TE —
69°GE —

0S8y —

e~
95°€eT

EP'9ET —

T T T T T T T T
160 150 140 130 120 110 100 90 80

T
170

f1 (ppm)

Figure A-10 The >C NMR spectra of [bmim]BF,



145

o o mn M=o - M -ETOONNMOWWOUTANAM-—AN
@ o NANS S BBERNNOANNNND DN
poc ~ o~ < <F o A A A A A A A H -0 OO

1.00z —-

1.0
1.0

T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0

N
n
h
=)

6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1

5.5
f1 (ppm)

Figure A-11 The 'H NMR spectra of [bmim]PF,

) © ©
53} N ® < o @ SN
~ < o N n o e
o) IR o O o ™
— — = ) R - -
N/ | [ [
|
T T T T T T T T T T T T T T T T T T T T T T
120 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

Figure A-12 The ">C NMR spectra of [omim]PF
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Figure A-14 The ?C NMR spectra of N-Boc-indoline
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Figure A-15 The 'H NMR spectra of N-Boc-indole
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Figure A-16 The >C NMR spectra of N-Boc-indole
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Figure A-17 The 'H NMR spectra of N-benzoyl-indoline
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Figure A-18 The >C NMR spectra of N-benzoyl-indoline
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Figure A-19 The 'H NMR spectra of N-benzoyl-indole
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Figure A-20 The *C NMR spectra of N-benzoyl-indole

170 160 150 140 130 120 110 100

180



150

£00°¢

Feoz

Feoz |

60

2.0 1.5 1.0 0.5 0.0

2.5

6.0 5.5 5.0 ]

6.5

8.0

8.5

10.0 9.5 9.0

10.5

f1 (ppm)
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