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CHAPTER |

EPOXIDES AND THEIR PREPARATIONS

1.1 Introduction

There is a special 2! e erocycles which is the derivative
of their apparent simplici ta trclfﬁowever, in terms of preparative
routes and subsequent troz g ‘ a as are multifaceted, and lead to
continuous literature th- g at B Sasial property of these smallest
heterocycles is the use ‘ N reactivity; therefore, they can
be employed as vers: eover, the heterocycles has
a potential to introduce high atom economy, leading

to the right deserved plac rganic chemistry.

1.2 Preparation of EpOX|des ,u

In the recqz+ 4cparative methodology of
Mn(salen) mediate A ; X atsulki) has been growing
rapidly. However, tk -l practical uuiity, iiechanistic w undation, which has been
debate, is 1nd1a1table ry of the s@lén ligand itself involved in the transition

state of the ep Rl asghn %&i%@%ﬂ’}nﬁe outcome on a rather

complex reactloq‘! surface, a covaleng bond is fo ed between th rbon atom of the
~QRARANTH UGN A Y

A chiral sulfonato-salen complex into a zinc-aluminum layered double
hydroxide (LDH) host construct a novel immobilized Mn(salen) catalyst. The active
catalyst is the key for existing as an intercalated species spanning the interlayer space.
Under Mukaiyama conditions, at RT and the presence of pivaldehyde and N-
methylimidazole (N-Mel), the selective epoxidation of limonene (2) with O, was
promoted in the complex. The catalyst is very stable even after multiple cycles

without the presence of leaching of manganese [2]. In the mechanistic literature found



that the epoxidation proceeds via the in situ formation of a peracid through
autoxidation of the aldehyde, which subsequently serves as an oxygen donor during

the epoxidation [3].

100% conversion
90% chemodelectivity

/\ 55% de
SO,
1
The outstanding -, 2528\ ' many types of ligand systems
has been representird® ERIG W0 BM-3 mutant has been
developed by direct ev gt : T Nyl wards epoxidation of several
non-natural substrates re Y 4 i oersion to styrene oxide (5) by

the exposure of styrene _(4

methanol and NADPH [4].

©/\ ; 7 X /<I 100% yiled
4 ¢ o v 5
By usiﬁ}u H ma %Hlﬂl%‘nﬂﬂq ﬂ%hly diastereoselective

epoxidation of fotected cyclohexenol derivative (7) was catalyzed by the sterically

stabili al‘TmT] mﬂmfgﬂ eﬁ ‘gjr a rationalized
on the Jasis n-bonded” interactions ¢ all tituent on the

substrate and the bulky porphyrin ligand. Since diasteroselectivies increase with steric

) in phosphate buffer containing

demand of the substituent [5]. These metalloporphyrins catalyze the epoxidation of
aromatic substrates, which found in the synthetic methodology and with respected to
the toxicology of environmental polycyclic aromatic hydrocarbons. Therefore, the
conversion of phenanthrene (9) to epoxide (10) gives excellent yield in three hours

with 0.3 mol% of catalyst [6].



OTBDMS OTBDMS
6 100% conversion
MO "o 88%yield
ag NH4HCO3 33:1 trans/cis
CH4CN
7 25°C 8

6
‘ H20, O 100% conversion
OO NH,OAc O‘ 91% selectivity
CH3CN-CH,Cl,

6 25°C (o)
9 10

i . . oxidation reactions occur via oxygen
atom transfer directly from. ™ $ é ﬂ_,-oxo species, Goldberg and co-

workers studied the struci™ ity ~ ™ (11) and proposed the existing
of a secondary pathway ‘= TAEN » activates the terminal oxidant
through simple Lewis - 5, by 80 labeling describe the

long-recognized, howeve ¥ IS nal oxidant on the course of

oxygen to be transferred

, '5 wﬂmwmn'ﬁ
ammmmmvmmau

Metal catalyzed epoxidations have a significant ligand system which is simple
and work well. For example, the presence of Mn(Il) bipyridyl complex at 0.1%

catalyst can convert 1-octene (13) into its epoxide, less than 5 min with good yield

[8].



(i 0]
eSS (Mn” (bipy)(CF5SO3),| ~o~o~-<] 99% conversion
CH3COzH 94% vyield
13 CHsCN 14
25°C, 5 min
Even in industry, metal catalyzed epoxidations become more useful with the

use of O, as the terminal oxidant. One spectacular example is propylene oxide (16)

which is introduced by Pd(OAc), catalytic systems and a peroxo-heterophy in MeOH
[9].

[(hexyl) 4Nzt L} > 43% conversion

X
N 82% selectivity

15

The PEG-immo'y wl7) is the dioxirane precursor
which is very soluble 1n 28 @\ 'ts, and very easy for recovery
ediates the epoxidation of
reason behind this reaction
can be explained that t » o == ) 1\l ¢g transition metals, dioxirane
mediated processes are ver. ,11 _,: = »>metric of the simplest dioxiranes

can be experimentally cumberq T 7 7 7

l“" (@)

oXxXon gl .
, 1 90% yield
BocHN™ 7 water's BocHN/©/<l

Meoxecwo |
AU INYYSNYINS

Anotheﬂ])omt of ketone preé:ursors is that it can be ch1ra1 auxiliaries as the

R RTRS TN I
dlsubstltqe lken to es. However, thete is a problem with those

reactions. Their terminal and cis-disubstituted substrates are not effective. However,

the oxazolidino (21) shows the unexpected scope of the high yield with
enantioselectivities for olefins (24). Some researches have been using a buffered
oxone solution [11, 12] for the in situ generation of dioxiranes with mild homologous

conditions.
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L/\t, (/\t,/ 22 96% ee 23
O\\\ z ¢ O\\\ B O
)Vé )Vé ~ Q
Ph Z = Ph Z
20 21 Oxone
24 91% ee 25
alized olefins using chiral iminium salts
had been studied by Page / 26) shows an example of chiral
iminum salt. Oxaziridivg X tra""d' gent, was produced from the
reaction of iminium e o700 ] N --‘d sodium bicarbonate. The
epoxidation of 1-phe= h AN S good example for highly

yields and high en hiral iminiums are also

conversion beneficial “%s l-phenylcyclohexane (29)

Ph
O
3 66% Yield
95% ee
28
Ph

O er\cn::c(ésg : iﬂ) Siﬁf‘; Z‘Lem
ﬂﬂﬂ’)ﬂ&lﬂiﬂﬂ’lﬂ‘i =

’Qlaﬁ'lﬁ INIBNBAINGIAY e e

medlated epoxidation of trisubstituted alkenes. The proposed mechanism is through

the formation of chiral salts with oxone itself [15].

©) Ph Ph Ph
OYPh Oxone N 31 (10 mol%) fO

® W W Ph Oxone (2 eq) 93% Yield
Cl \N, - z I —— A1%
H 4 Ph @o JoR “oH Na,CO4/ oee
/S\ CH3;CN
oo 29 H,0 30



Binaphthyl derivative spiro ammonium salts (33) were used as a phase transfer
catalyst in the catalytic asymmetric epoxidation of enones such as in the conversion of
enone (34) to the epoxy ketone (35) [16]. A catalyst like sodium hypochlorite was
used to attain high yields and high ee of epoxidation varieties of electron-deficient

trisubstituted and trans-disubstituted olefins.

o, 92% Yield

Ph 9205 ee
35

r h for the enantioselective
. source, and polyleucine is
used as a chiral auxiliogh ghé®) ¥ i %O ysulfone (37) [17] is a good
example of this procedufe . h _,_- f = e ; émixture of water/toluene reacts

with tetrabutylammonium bisul# w0 approach for poly-(L)-leucine is that

(RN 2
polyamino acid c¢ius ; infthe organic phase. Silica

supported type of p§ 28 ‘i‘ )d yield and enantiomeric

excess in the epoxidat{ij of raREs B9eCan be i tained [18].

o 89% conver5|on
B T TNy
70%ee
BU4NHSO4
toluend’

QWWMﬂ?ﬂJNWYJWﬂ’IGB

Si supported poly-(L)-leucine )J\|>\ >99% conversion
Ph Ph  92% ee
H,0,/NaOH

38 TBAB 39
toluene

Ph Ph

The dependability of solvent affected on diastercoselective epoxidation of y-
hydroxy-o,B-unsaturated esters. Using THF as a solvent produces anti-epoxidation
whereas, non-polar solvents produce syn epoxidation. Temperature effect has not been

found and the stereochemical [19].



0 0 0
t-BUOOLi 9 . O
N OEt ———————~™ : OEt OEt

OH OH OH
40 anti-41 syn-41

Solvent anti syn yield

THF 75 25 40%
toluene 32 68 53%

The mechanism has be: g _source of electrophilic oxygen as a

é ie s and ketones to epoxides using

20]. For instance, D-mannitol

“Ssciwm methylide epoxidation of

route to epoxide. Recently
sulfonium has been focu™™®
obtained by using chiralg
aldehydes [21].

Ph Cl
o o N <3
b \> \ . : 96% ield
" LR 0,
0™ \g~ "0 -. . 76% ee
42 44

Another conversion of . woxides is accomplished by Darzens
reaction, such as tlre i Fith benzaldehyde in novel
i Jre derived from BINOL.

This procedure can bef fed 11 oo% ¥alipha fff aldehydes [22].

TR ﬂ%ﬁﬁﬂ?ﬂ‘lﬂﬁ%

Y ¢ RbOH. HZO 2.4 eq)

a@ﬂ ifuum'mmatgz;;d

2BP cis/trans 8:1

phase transfer catai§ 2§

Finally, carbenoid species can be used as the carbon donor in aldehyde
epoxidations. For example spiro-indolooxiranes (50) with Z stereochemistry were

obtained in the stereoselective reaction of rhodium carbenoid which derived from the



cyclic diazoamide (49) and rhodium(Il) acetate with aryl aldehyde. The reaction is
believed to proceed via the formation of a carbonyl ylide (51), which undergoes
stereospecific thermal conrotatory electrocyclization to form the observed epoxide
[23].

:
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CHAPTER Il

CATALYTIC EPOXIDATION WITH COBALT(II)
CALIX[4]PYRROLE A\P,COBALT(Il) SCHIFF BASE

The epoxidation tal oxygen functionalization

of carbon-carbon douk, is transformation is a direct
consequence of the ut, Athetic intermediates. A great
deal of effort has beer 8D a new process based upon
catalytic epoxidation ‘wh? \ AN seiectively.
2.1 Epoxidaton of Alke #£5

An epoxide is thrd€- :r:': 2thi®e, sometimes called an oxirane.
Epoxides are valuable synthetzi—ss ,tJ ; organic chemistry, used to convert
b L important epoxide is the

4 "‘"

Oy direct air oxidation of

alkenes to a varietis=4 =

simplest one, ethyl Vi
ethylene by silver catz .-! st [25]

ﬂuﬂws#%’wmm

ethylene ¢ ethylene oxide

22 ey W’Pﬂ"@rﬁ FURNAINYIA Y

The reaction of alkenes with peroxy acids to produce epoxides has been

known for almost 90 years. The mechanism [26] of peracid epoxidation is believed to
include a cyclic, concerted transition state, in which oxygen is transferred to alkene at
the same time that the carbon-carbon bond is broken and the proton is transferred to

the carbonyl oxygen.
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=0

OsSH 0
"o — >A< + R)J\O,H

O’\v Py

The examination of this mechanism suggests that the nature of R group not
make much difference in the reaction. In fact, a number of different percarboxylic
acids can be used to epoxidize alke s is illustrated in the following examples

[27].

Ph H
=
H Ph

l%\\\ () (85%)

In addition, 4-vinyl g# ‘ (W ne [28] were epoxidized with m-
CPBA and peroxybenzimidic : a m these results that peroxybenzimidic
acid is a far less [ 1L f double bonds than are
peracids. Although ‘K 1;: , ‘:d sery markedly accelerated
by the presence of el¢ ! "ON-AULEe Do and rlsubstltuted double bond is

- £

epoxidized approximately A75 -300 times ﬁifast as a monosubstltuted double bond,

the relative ﬂrurﬂgfa% Hnweﬁj \w %Iﬂ(ﬂ%ﬁlldlc acid [29] and

trisubstituted d&lble bond is only ﬁve times as reactlve as a monosubstltuted olefin.

As in w aﬁﬁmgm Tﬁﬂalr is oxidized
more ra ntrast to a nu other ad eactio cyclopentene is

oxidized less readily than both cyclohexene and cycloheptene.



1"

929 62% /*i
(

(

3% 36%

with meta-chloroperbenzoic with peroxybenzimidic

97%/"/

46%
Y

53%
with m= \ _ axybenzimidic
2.3 Epoxidation of aiker;
Selective epa ' B ) (17 s and aldehydes may be
talented by the oxidati #F'v Ty II N (Wpsodium salts of TBHP rather

0,
|- NaOH, CHy@H

AUINUNTINEN

In contdst to the epoxidaiton with peroxy acids, these reactions are

. , ¢ =y v
oo mj‘a Q‘nmllﬂ Hﬁﬂﬂ ﬂeﬁ)ﬁ o
f |
the epoxgdation of Cither isomer Of the unsaturated keto 3].

2.4 Epoxidation of Alkenes Catalyzed by Metal Complexes

J

Biomimetic oxygenations of organic substrates using soluble metal
coordination complexes as catalysts ideally should use O, [34], as a source of oxygen
atoms, since O, is used directly by oxygenase enzymes [35]. In most cases, however,
the successful catalysts that have been developed for such reactions, Ii.e.

metalloporphyrins and metal complexes of non-porphyrin ligands, require alternative
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oxidants [36], e.g. H,O,, organic peroxides, or iodosylbenzene, since reactions using
O, itself either give no reaction or predominantly the undersirable side products of
free-radical autoxidation. An apparent exception to this rule occurs when an aldehyde
is added to the reaction mixture. In this case, it has been observed that olefins are
epoxidized by O,, in the presence of aldehydes and transition metal-containing

catalysts, to give epoxides in high yield (eq 1) [37]

[Bis(salicylidene-N-phene ™ e— ' CZ Co(I) SANP catalyzed the

reaction of enolizable 2l

metal complex

p-deficient alkene leads to the

formation of 46, vg ivated alkene affords the

corresponding epoxid ems to be proceeding via a
common pathway inv- Wich reacts preferentially with
electron-deficient alken- AN and the latter terminates by
incorporation of O, ¥ile ”\ a Lord 46. On the other hand
unactivated alkenes do r4 W et
reacts with O, to give a pefxy f@

jlr' Ry -

on interaction with carbon-cazi=<¥

lical as the latter perferentially
wii.ch readily affords the epoxide 47
eme 2.1)

| o
auamwmmm

qmmmummm\a d
Ri&:: RMEWG

Scheme 2.1 The proposed mechanistic pathway for Co SANP catalyzed the reaction
of alkenes [38]
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Interestingly, the reaction with unactivated alkenes favors the formation of the
epoxide 5 exclusively. Thus, styrene and 1-dodecene afforded the corresponding
epoxides in excellent yields (88% and 62%, respectively). Similarly, the disubstituted
olefins like (E)-stilbene and (Z)-2-octene gave the corresponding trans- and cis-

epoxide 90% and 45%, respectively.

2.5 Asymmetric Epoxidation of Alkenes Catalyzed by Metal Complexes

Chiral epoxides are very impgtant building blocks for the synthesis of

enantiomerically pure complogs ¢ 4 particular, of biologically active
compounds [39, 40]. Cat : é _"'di ation is an especially useful

technique for the synth® ﬁui both academic and industry

because a chiral catalyf 2 22 to induce million-level chiral
product molecules [41' ' 3N talysts capable of inducing
asymmetric centers wit' it AN\ N Deen an important task for

asymmetric synthesis

2.5.1 Sharpless Systems
Allylic alcohols ca’ = : 3 ingk reaction into the corresponding

epoxide with high stereoselects gent procedure for the epoxidation of

f.:‘«r" 1A 2/

allylic alcohols was%e & fThe catalyst is a complex

prepared from titan§ 7% Y ) ly pure tartaric acid ester.
Since both enantiomd |} of TITHS Welivativil] are readily available, both
enantiomers of the desn?(hpomde can be.gbtamed Wlth high enantiomeric excess.

The catalyst ﬁu Eﬂ ’gy%;ﬂ] Rﬁzfs'rfw ﬁ}ﬁlﬁﬁcohol as a handle to

accomplish high enant1oselect1v1t2/ Most functlonahty, except the strongly

coordlam ﬁ gﬁﬂ ﬁ ﬂ] 1s used as the
oxidant varicty of “all ols can be xidized 1s catalyst and

enantiomeric excess (€€) usually exceed 90 % and yields are generally above 80%.
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S

(&5)- diethyl tartrate
(-3-DET

In Scheme 2.2, ~ 4" . L AN wsoxides, racemic (49) and (50)
that can be made throu 41 258 4 \ vcnemiselectivity. However, it
required the enantiog | ual enantiomers [43]. The
previous literature in ! the electronic deactivation at
oxygen substitute coorc i ‘ M the selective coordination of
peroxoacids to the 6, 7-dou g = sicnade racemic (50) [44]. In 1973,
Michaelson et al. solved the ca 737
of geraniol. Alkyl N O o R vfth transition metals gave of

Y Jracemic 49) [45]. Recent

wd regioselectivity for the epoxidation
very high selectived 28 =
publication by Kats§} et o Sanumffbould catalyze asymmetric
epoxidation of olefins begrgg allylic hydrob y, groups into either (49) or (ent-49). This

assumption eﬁutEj Qrfﬂsﬁzw ﬁw Haﬁlhﬂ ?not late after Katsuki,

Sharpless et al.$howed chiral llgands substitute mto transition metals Mo, Ti, and V,

S VDALY 01
yield w ore than in the Converston alcohols into

asymmetric epoxides using transition metal catalyst Ti(OPr )4 and TBHP, and a chiral
additive DET. Later, new efficient systems have been invented for the epoxidation of
allylic alcohols such as the catalytic systems of vanadium catalysts and hydroxamic

acids derivatives [47].
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49 ‘\ / 50

OH OH
ent-50

ent-49

Scheme 2.2 Regio- and \\ vidations of geraniol

Chiral Titanium
studied for titanium alkoxide

Wation of allylic alcohols [46].

Over the past t=

Sharpless et al. has a s g4 £ 1% j e\ \ . Wthh the impact of a chiral
ligand on enantioselCir w : | ._ lat catalysts, the structure of
. Ly of the system. In Sharpless
. ATl | A contribution of optically active
tartrate with catalytic amoi s W), 48] resulted in the asymmetric.
Hydroperoxides can be the 0w -__,:- 2 J the sources of chirality if optically

active hydroperox{ads jlike the optical active

hydroperoxide pro. ' ‘ been studied by many

researchers. In 1997, .i Jam el ai. pocioneu a yleld i) >O%ee [49] when using Ti-

mediated asymmetric egquidation of a wgpiety of prochiral allylic alcohols with

optically actlﬂyu&ogi wSHSV]aﬁ w)y@ﬂc@taw ligands as achiral

additives. In tM same year, Lattgnm et al. re orted the apwcatlon of several
o QRN AT IR o o

The resjts showed that the enantioselectivity depended on the substitution near the
reactive sites. The reproducible had been made by Corey [51] and Sharpless et al.
[48]. Tertiary or alkyl hydroperoxide has been proven to ensure high ee’s [52].
However, there is a limit which is the imposed of the essential coordinated functional

groups on the substrate.
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OOH
51 52
Raw_0O Rs a: R;=H, R,=H, R3=Me
| ) b: R;=COOEt, R,=Me, Rz=H OOH
Rl OOH c: R]_:COOEt, R2=Me, R3=Me / O
53 54

In 2003, Lattanzi et al g #n enantiopure tertiary hydroperoxide

ﬁ’" substitution of hydroxyl group

. theTllcomme===|c by H0;, (unlike TADOOH),

)

52 from camphor via a st
bound to the chiral carbor’
The reaction introduced !

center. 46% and 59% -

nd to the sterogenic carbon

\\ iary hydroperoxide and the
N USsly. At the end of epoxidation,

!
)

asymmetric epoxidation _
the chiral tertiary Y 4 Lol 3 c® for the synthesis of the
. 1 '\l

hydroperoxide. These : Whcfit of using optically active

hydroperoxides as oxyg, multidentate diols (as chiral
ligand) is lower enantiose!, 'i‘ == o WBHP as an achiral oxygen donor

- >

and Cp-symmetric tartrate as chi=

(IBIN

X
- -

Chiral Vand. 78 ¥
A number of|fasyniioe oS bajf i on chiral vanadium(V)

complexes with TBHP lgag been reporteck}53] in Wthh the epoxidation of allylic

alcohols is thﬂnu Ejlfgn%ﬂ%@wm ﬂ@mxo complexes were

widely acceptedhs intermediates in the catalytic systems of VO(acac)z/TBHP [45, 55]

and V%(Wﬁfmm yﬁﬂ ng -based catalysts,
the Sharnless grou veloped asymmetriC epoxI atlonﬁ e) catalyzed by

the chiral vanadium hydroxamate complex 55. A few years later, they found again
that when using proline-derived hydroxamic acid as the chiral ligand, up to 80%ee
could be achieved [57]. Additionally, in 1999 Yamamoto et al. successfully applied a
new chiral hydroxamic acid 56, derived from 2,2'-binaphthol, serving as monovalent
ligand coordinated with a vanadium complex in the asymmetric epoxidation of allylic

alcohols to obtain an ee up to 94% [58]. To explore the potentials of these new
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catalysts, they extensively tested the epoxidation of various substituted allylic
alcohols. The results showed that the epoxidation of 3,3'-disubstituted allylic alcohols
catalyzed by VO(OPI’i)3 and 56¢ proceeded smoothly to yield the corresponding
epoxides in moderate to good yields (70~87%) with mediocre ee’s (41~78%ee).
However, in the case of 2,3-disubstituted allylic alcohols, high ee around 90%ee was
obtained, irrespective of bearing aromatic groups. It should be noted that unlike
titanium tartrate system, molecular sieves to sequester water, which has a deleterious

4 not required in this case [59]. It seems that

effect on both the rate and selectivity. j
several characteristics of chiz |
increasing the rate and ™
vanadium, the coordinat: 2ids, and z-interaction or steric

repulsion between the = o improve the efficiency of

eveloped a family of chiral
:\5‘“‘\ complex 57, [60] and found

vanadium-based catalv 4
hydroxamic acid ligavndf
that the product selec#Vit: K‘x\ i%-ease of the steric hindrance
in the side chain of am as achieved when using tert-
leucine-derived hydroxe, n L-o-amino acid was partly

changed into imido group, | j) Ws achieved for the epoxidation of

2,3-diphenyl-prop-2-en-1-ol ‘ Zh ac-dicarbonyl-protected hydroxamic
acid. Whereas for thals | S L hetal-coordinated site was

changed, the high; Y A using N-bis(1-naphthyl)

methylsubstituted hyd camic acie aoe hgalld. U
¢ 2 | s v
Ve

HRTINYIAY & o

55 56 57

The asymmetric epoxidation of homoallylic alcohols was difficult to conduct
with the other metal-based catalysts reported previously [61]. However, vanadium
complexes could effectively catalyze the occurrence of this reaction to yield the

corresponding epoxy alcohols with good to high stereoselectivities [62].
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2.5.2 Porphyrin Systems

Porphyrin is important in a bewildering array of proteins which has functioned
as of O, storage, O, transport, oxidation of inactivated carbon-hydrogen bonds, and
oxygen reduction. There homoproteins have diversity that is dictated by many factors,
like the number and nature of axial ligands, the spin and oxidation state of the metal
center, the nature of the polypeptide chain, and the geometry of the prophyrin ring.
The asymmetric epoxidation of alkenes occurs basically via high reactive oxometal

(Mdo) intermediate. The important ceg2bvst class for asymmetric epoxidation is chiral

metalloporphyrins [63]. Pornk 4 cid macrocyclic core and alterable
periphery which are usefir SCSS .&i‘*i > catalysts. A metalloporphyrin
catalyst has been introduc : »orp lyri‘ﬁcs of Fe [64], Mg [65], Ru [66],
and Mo [67]. In order tog . NS onto the macrocyclic ring of
v ‘ \ oxidants and metals (Fe, Ru

Wi¢ same chiral prophyrin ligand

metalloporphyrins [68] 4
and Mo etc) [69]. Iron a-
better than magnesiu# d B i 2 Y H"n\ 1 1t, axial ligand, and oxygen

transfer [70], using 2,64 Woxidant with the same chiral

porphyrin ligand gave ¢ bmetric and catalytic reaction.

t, the same reactions with ee was

When using oxygen or iod g1k ﬁff i
Che et al. [72]. Halterman [73] also

received, which are from Berl(

b
reported the high (Mci

oxide as terminal 78

B 2,6-dichloropyridine-N-
X'} of the epoxide of 1,2-

dihydronaphthalene w{} rece Ve

i¥

"°“F’F1’%EJ’JVIEWWW e11N3

The syrfllletic iron (II) porphyrms without 1mposed of protectlon upon both
faces Tﬂiwq Qiﬂl cﬂ?‘i@rg)m ﬁra‘ltjlevelopment of
model squctures w ﬂh protecgng:%I avoiding those unfavorable oxidations [75].
Based on a chiral iron porphyrin 58 [76], Collman et al. found a high efficient catalyst
in 1999. With this method 83%ee for styrene, 88%ee for pentafluorostyrene and
82%ee for m-chlorostyrene were achieved. In 3,3-dimethylbutene and
vinyltrimethylsilane, ee values exceeded the highest values obtained from previous

catalytic systems [77].
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/HNOC ‘ ‘
_ MeO
B MeO
HNOC

A8 isomer: aofp

Ruthenium Porphyi
Ruthenium has b s with D, chiral porphyrins or
homochiral porphyrins [ of the oxidation of styrene
: svrins [79]. It can be seen that
identical chiral porpf#§iir 4 PR worked well with inducing
asymmetry not iron Rz & AN R [80]. The epoxidation
ey W\ "% reported by Gross et al. in

1996, and this epoxidati A =N % he enantioselectivity of chiral

A

I X=CHj3
=): X=Ph

c: X=3-CI-Ph

59

The properties of highly enantioselective epoxidation of unfunctionalized
trans-disubstituted alkenes are reactive, isolable, and chiral metal oxo complexes. The
catalyze alkenes give enatioselectivities better than Cis-counterparts in epoxides [66].
The study of stoichiometric epoxidations of alkenes had been done and produced the
relationship of structure-enantioselectivity, which can be used in development of

better metal catalysts. In 1999, Zhang et al. applied D,-symmetric chiral trans-
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dioxoruthenium(VI) porphyrins 59a, d, and e, which encumbered to catalyze the
enantioselective epoxidation of trans-fmethylstyrene (70% ee) and cinnamyl
chloride (76% ee) [72].

Manganese Porphyrins
In 1998, Rispens et al. reported homochiral, atropisomerically pure manganese
complexes 60 containing a [2,2]-para-cyclophane-4-carbaldehyde building block

group which were used as the catalysig j-3 the epoxidation of unfunctionalized olefins

using aqueous NaClO, 30%-H. " axygen donors [81]. They found that
NaClO and PhIO gavg 7 but 30% H,O, gave low

enantioselectivity.

2.5.3 Salen Systems

Because of (u'§

the unfunctional al&8

'71 are good intermediates,
u“i ed. The key to solve the
difficulty from an effc ,! VE POIPiiy s ooise s 1ts 7= , ‘ugated planar structure, and
its prohibited the stereagggic carbons inghe porphyrin ring. To be able to form

compix, saleﬂ 38J 2 BN RAR cs. and s carvos

(Scheme 2.3) [ ]. Since the chlra]‘porphyrm synthes1s to be a y 5 long period of

o QYRR TR U TINH Ao o

mangandge is a quite nontoxic and its complexs are superior to iron complexes as in

the olefins.
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A variety of chiral was first introduced by Katsuki

et al. These have becne aw:1dation of non-functionalized
alkenes with different ~Ccuvity [83]. The enentioselective
N 1 PhIO, NaOCl, H202 and

action conditions [84] are

epoxidation of variet
oxone have been re

" lensations of diamines with
\ % tune the steric and electronic
properties of the catalys’ g b -' \ ‘1 salen systems give the known
chiral porphyrins since" t! #Fsy. s o e » salen complexes are in good
proximity to reactive sites.

As the model to naimt
Schiff-base has sevy -
v

rome P450, a transition metal
7 'F—‘ ) low cost, and (c) high
epoxidation activity I Tirs. malized olefins. This should

make it to be a very at ractlve candidate for laboratory and industrial uses [86]. The
discovery of 11’ AT irst time, allowed a
convenient a %Hﬂ ﬂmw;ﬂmt Tst:;[etrlc epoxidation of
unfun il tert-b st sisting of both
comme ‘iﬁﬁaﬁbﬁ ﬁiﬁi ﬂj\ﬁ hﬁ\ﬂﬁhﬁ Ere but is much

easier to prepare [88]. Note that the Jacobsen catalyst is air-stable and can be stored

for a long period without appreciable decomposition [89]. Katsuki catalyst 62 is also

effective [88].
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prmm— N
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But o | o ‘B -

N Cl ! PFe
t t "/ .
Bu Bu Et Ph Ph £t

61 62

Cobalt Salens

velopment of direct and selective

i
/)ﬁn and a suitable reductant, such

™ ctone [92] that can accept one

Much attention has b
epoxidation of olefins by th
as a primary alcohol, [90%
oxygen atom from mole g ction. In 1997, Kureshy et al.
first reported the asym= fi: S Mionalized prochiral olefins by
combined use of an atn 4 4 4a . jar oxygen and a reductant of
isobutylaldehyde cat £ Fi \ ' v nlexes 63 with or without

PyNO co-oxidant [93] Al W 90% were achieved for the

TR MANIANNAY. ...

(ON+)(salen) ruthenium (II) complex [(ON)Ru-salen complex] 64 in the asymmetric
epoxidation of 6-acetamido-2,2-dimethyl-7-nitrochromene in the presence of various
oxidants, for which 2,6-dichloropyridine N-oxide as terminal oxidant was preferred
[94]. In spite of conjugated olefins substitution pattern, high enantioselectivities are
more than 80%ee. On the other hand, the enantioselectivity decreased with long

reaction time. The (ON)Ru-salen complex 64 can be decomposed during the reaction
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to generate fragmental Ru-species. Morever, it can be accelerated with sunlight and its
asymmetric induction is similar to that of the Mn-salen complex.

The properties of metallosalens are first effectively catalysts for asymmetric
epoxidation of conjugated cis-, di-, tri-, and some tetra-substituted olefins [95],
second, easily synthesized from salicylaldehyde derivatives, diamines, and metal ions.
In addition, there are reasons of making metallosalens convenient and the application
of such catalysts such as the availability in the industry with choice of chiral and/or

achiral salicyladehydes, chiral diamineq and metal ions, and the short preparation of

metallosalen complex catalysts a8

The production of 1, 1d neutral species which are easy

to synthesize and yet effective 25 gcir guest binding properties is an area
of supramolecular; e M ) ( a%lkylporphyrmogens) are
stable tetrapyrrolic § 28 A ‘ '™ century by Baeyer via

acid-catalyzed ~cond||fsation win  cffjtone to produce meso-

o

octamethylcalix[4]pyrr0]@ These spec1es.}s receptors for anions and neutral

molecules [ 1oﬂwu%| Kac!ﬁ:%}w ?w H ’qﬂ%cent colorimetric, and

electrochemwaﬂlsensors for amons in addltlon to new solid supports capable of

T YWIANT AANYNAY
coura e ¢ Tacile™s esis of both™cali ;{I benzimidazole

ligands in hlgh yield, together with there was no report cited in chemical literature to
utilize these cobalt(Il) calix[4]pyrrole and cobalt(Il) benzimidazole complexes in the
epoxidation reaction, the selectively catalytic epoxidation of alkenes under mild

condition will be thoroughly investigated in this research.
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2.6 Scope of This Work
The aim of this research can be summarized as follows:
1. To synthesize calix[4]pyrrole, Schiff base and benzimidazole ligands and
their cobalt (II) complexes
2. To study the optimum conditions for alkene epoxidation using cobalt(II)
calix[4]pyrrole and cobalt(Il) benzimidazole as catalyst

3. To study the stereoselectivity, regioselectivity and chemoselectivity of the

4. To apply the optimi the epoxidation of various selected
alkenes
5. To apply this C ‘ ‘ : « natural product compound
6. To apply this = £terminal alkenes
. .
7. To develop t' 4 » ) _. to halohydrms
8. To apply this ' e

2.7 Experimental
2.7.1 Instruments and E,

Melting points w, F, = gh @ Johns melting point apparatus.
Fourier Transform-Infrared Spes T e recorded on Nicolet Impact 410 FT-
IR spectrometer. Mg : icrfoerformed in deuterated
chloroform  (CDA Y 'd ide (DMSO-dg) with
tetramethylsilane (TM{} as ali 28 W¥0n a YYf}ian Mercury plus 400 NMR
spectrometer which oper.atg at 399.84 Mliz)for 'H and 100.54 MHz for "°C nuclei.

The chemlcalﬂ u(ﬁja% %W@WH” ﬂ %ldue solvent protons.

Spemﬁc rotatio® were measured op a Jasco P- 1010 polarlmeter and [a]p values are

= RINNIHUNINLINY,... ...

in layer chromatogr (TLC) was performed on

precoated with silica gel (Merck Kieselgel 60 PF,s4). Column chromatography was

performed on silica gel (Merck’s, Kieselgel 60 G) and aluminium oxide 90 (70-230
mesh ASTM). Gas chromatography analysis was carried out on a Shimadzu gas
chromatograph GC-14A and Varian gas chromatograph CP-3800 instrument equipped
with flame ionization detector (FID) with nitrogen as a carrier gas. The column used

for chromatography was a capillary column type of DB-wax (30 m x 0.25 mm) for
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GC-14A and a capillary column type of CP-Sil 5 (30 m x 0.25 mm), CP-Sil 8 (30 m x
0.25 mm) and CP-Wax (30 m x 0.25 mm) for GC CP-3800.

2.7.2 Chemicals

All solvents used in this research were purified prior to use by standard
methodology except for those which were reagent grades. The reagents utilized for
synthesizing the ligands, metal complexes and all alkenes were purchased from Fluka

chemical company or otherwise stated2pqd were used without further purification.

o\ R, = Me, R, = 4-methoxyphenyl
%9 R; = Me, R, = phenyl

. R; = phenyl, R, = phenyl

1 Ry = Me, R, = 4-tert-butylphenyl

v slowly adding methanesulfonic acid
(7% mol) to a solut’ ¥ gf i 1 nl) and EtOH 50 mL. The

| B ‘ >d. The brown solid was

Calix[4]pyrrole llgands

mixture was allow &

filtered oft, washed w l sever ¥ and | ed at room temperature, the

T

Calix[4]pyrrole ligands wegobtalned

oo SUBIPAHI FIVE ARG oz

IR (KBr, cm™)W3437 (s), 2978 (s) 1640 (m), 1451 (m), and 1272 (m); lH-NMR
CqRRINT HRTINH VNG o
s, CHﬂ5 C-NMR (CDCls): & 138.4, 102.8, 35.2 and 29.1.

meso-Octaethylcalix[4]pyrrole (66): White crystal (80%); m.p. 119-220°C;
IR (KBr, cm™): 3454 (s), 2979 (s), 1644 (m), 1498 (m) and 1235 (m); 'H-NMR
(CDCl3) & 7.00 (4H, s, bpyrrole NH), 5.94 (8H, d, J = 2.7 Hz, pyrrole CH), 1.83 (16H,
m, ethyl CHy), 0.62 (24H, t, J = 7.5 Hz, ethyl CHs); >C-NMR (CDCl;): & 136.8,
105.5, 43.5, 28.8 and 8.4.
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Tetraspirocyclohexylcalix[4]pyrrole (67): White solid (85%); m.p. 268-
269°C; IR (KBr, cm™): 3446 (s), 2931 (s), 2856 (m), 1630 (s) and 1451 (m); 'H-NMR
(CDCl3) 6 7.04 (4H, bs, pyrrole NH), 5.87 (8H, d, J = 3.0 Hz, pyrrole CH), 1.88
(16H, m, cyclohexyl CH,), 1.42 (24H, m, cyclohexyl CH,); *C-NMR (CDCls): &
136.4,103.4, 39.6, 37.1, 26.0 and 22.7.

meso- Tetrakis(4-methoxyphenyl)-tetramethyl-calix[4]pyrrole (68): Brown
solid (99%); m.p. 121-122 °C; IR (KBr, cm’™): 3431 (s), 2970 (s), 2832 (m), 1608 (s),
1456 (s), and 1250 (s); 1H-NMR(T‘ 1l ) § (opm): 7.72 (2H, bs, NH), 7.53 (2H, bs,
NH), 7.15-6.92 (8H, m, phenvali i/, / henyl), 5.92-5.66 (8H, m, pyrrole
CH), 378 (12H, s, -OCT— | ANMR (CDCLy) 8 (ppm): 157.5,
139.4,136.8, 128.3, 113 v . 8

meso-Tetrakisi® g a7/h \ \ \\1 ole (69): Brown solid
(65%); m.p. 296-297° ‘ ‘E\\ (s), 1635 (m), 1489 (m) and
1121 (m); '"H-NMR (C "\‘-\_ ), 7.27-7.07 (20H, m), 5.62-
5.94 (8H, m, pyrrole (4 MR (CDCLy): 8 147.7, 136.8,
136.5, 127.9, 126.5, 165.€

meso-Octapheny Ir x[A
IR (KBr, cm™): 3418 (s), 15

: viRte solid (45%); m.p. 193-195°C;
) and 1225 (m); 'H-NMR (CDCls)
0 7.91 (4H, bs, pyrr 1e ﬁ 1.6.14 (4H, m, pyrrole CH)
and 5.96 (4H, m, ; 50,0, 1353, 129.2, 1278,
126.7, 109.6, 108.0 an 1 14.

iF |

meso-Tetrakis(4 .Iert butylphenyl)-tetramethyl-calix[4]pyrrole (71): Brown

solid (80%); rﬂ uﬂys 'ﬂﬂwﬁgﬂﬁﬂzﬂ ), 1573 (m), 1265 (m)

and 1199 (m); §§I-NMR (CDCls) & 7.84 (2H, bs, NH), 7.58 (2H, bs, NH), 7.27-7.00

M V3N e VY i 111 G

149.2, 144.3, 136.8, 136.5, 127.0, 124.6, 106.2, 105.3, 44.3, 34.3, 31.3, and 29.1.

i‘.

2.3.3.2 General Preparation of Polyanion Calix[4]pyrrole [34]

To a solution of calix[4]pyrrole 7 mmol in tetrahydrofuran (THF) 40 mL was
added butyl lithium (BuLi) 28 mmol. The reaction mixture was refluxed under stirring
for 2 h. The solvent was evaporated in vacuo and the residue was washed with dry

hexane to afford the brown solid to give polyanions.



27

Lithium of meso-octamethylcalix[4]pyrrole: Yellow solid (73%); IR (KBr,
cm™); 3104 (m), 2965 (s), 2868 (w), 1787 (m), 1680 (s), 1419 (s) and 1244 (s);
'H- NMR (CDCls) & 6.00 (s, 8H), 4.29 (bs, 16H, THF), 1.48 (s, 24H) and 1.21 (m,
16H, THF).

Lithium of meso-octaethylcalix[4]pyrrole: Yellow solid (71%); IR (KBr,
cm™); 3124 (w), 2937 (w), 2844 (w), 1575 (s), 1431 (m) and 1203 (w); 'H-NMR
(CDCl3) 8 6.00 (s, 8H), 4.73 (bs, 16H, THF), 1.83 (m, 16H), 1.20 (m, 16H, THF) and
0.74 (t, J = 14.8 Hz, 24H).

Lithium of tetraspirga
IR (KBr, cm™); 3108 (mas

/‘)yrrole: Light brown solid (81%);
Ao (m), 1444 (m) and 1291 (m);

'H-NMR (CDCl5) & 5.92 : — | 01 | 42 (m, 40H) and 1.21
(m, 16H, THF) = |

Lithium of m ,\ atramethyl-calix[4]pyrrole
Dark brown solid (79% \5 (w) 1607 (w), 1456 (m) and
1250 (m); '"H NMR &0 W8-0.64 (m, 8H), 5.90-5.78 (m

8H), 3.77 (m, 12H), 4.
Lithium of mesc#e

solid (65%); IR (KBr, cm W3 ¢iea - 2

NMR (CDCl;) § 7.28-7.02 (222824 2/

(bs, 12H) and 1.42 e :
Lithium of %4 Jht purple solid (61%); TR

(KBr, cm™); 3090 (ws 1588 (w), 148Y (w) and 1235 ), H-NMR (CDCls) 6 7.28-

w. B ﬁiﬁi’i’ gRIWEgAnY

L|th|um meso-tedrakis(4-tertzautylphenyl)-tefgamethyl-calix[4]-
vrro@bﬁ’loﬁi AT UHRLITHANE) o 145 o
and 1228 (m); '"H-NMR (CDCl3) & (ppm): 7.25 (d, J =8.4, 8H), 7.08 (d, J =8.4, 8H),
5.95 (s, 4H), 5.65 (s, 4H), 3.78 (m, 16H, THF), 1.85-2.00 (s, 20H), 1.42 (m, 16H,
THF) and 1.25 (s, 36H).

"and 1.75 (bs, 16H, THF).

I-calix[4]pyrrole: Dark brown
194 (s), 1489 (s) and 1028 (m); 'H-
, 8H), 3.75 (m, 16H, THF), 1.89

Vd

2.7.3.3 General Preparation of Co(l1) Calix[4]pyrrole
Cobalt (II) chloride (3.3 mmol) and a polyanion of (68) (4 mmol) were

dissolved in toluene 40 mL. The reaction mixture was stirred at room temperature for
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48 h. After the reaction completed, the brown solid was filtered off and washed with
several portions of toluene. The filtrate was collected and kept in refrigerator for 24 h.

The solvent was evaporated in vacuo to give brown solid 87% yield; m.p. 116-117°C,

IR (KBr, em™): 2959 (w), 1724 (s), 1672 (m), 1597 (s) and 1254 (s).

2.7.3.4 Preparation of Schiff Bases Ligands

-CH,CH,-
& 'CH2CH2CH2-

2-(thiophen-2- yl, -1 1|0
Soultion of 1,2 pheuyl

to thiophene-2-carboxaldeh -"" B

i-benzo[d]imidazole (72) [98]
mol) in ethanol (30 mL) was added
ark green solution which was then

heated on the stea'i= 4ned to red. The reaction

Y

mixture was cooled da= = ted from a small amount of

brown oil and filtered® The filtrate on standed overnilt to deposite yellow needle
crystals (86% ? i 83 (dd, J = 6.87 and
1.83 Hz, 1H) mﬂ ﬂ ﬂ“ ﬂﬂﬁn d¥J = 3.82 and 1.22 Hz,
1H), 7. 22 HY, 1H ).7.23 (481 = 4.89 and 1.23
Hz, ué ﬁé] ﬁhiﬂ&ﬂﬁﬁ%ﬁﬁmﬁsﬂﬂ J =336 and

1.22 Hz. lH) and 5.70 (s, 2H); *C-NMR (CDCls) 8(ppm): 147.6, 143.0, 138.8, 135.7,

131.8,129.0, 128.2, 127.2, 125.2, 123.3, 123.0, 119.9, 109.9 and 44.0.
Bis(salicylaldehyde) N,N “ethylenediimine (salen) (73) [99]

Ligand was prepared by slow adding ethylenediamine (0.06 mol) to
salicylaldehyde (0.15 mol) then stirred at room temperature. The yellow solid
precipitated immediately and recrystallized was filtered by 95% ethanol. Bright
yellow crystals (97%); m.p. 124-125°C; '"H-NMR (CDCls) 8(ppm): 13.2 (s, 2H), 8.29
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(s, 2H), 7.26 (dt, J=7.78 and 1.53 Hz, 2H), 7.18 (dd, J = 7.78 and 1.53 Hz, 2H), 6.93
(d, J = 8.24 Hz, 2H), 6.83 (dt, J = 7.48 and 1.22 Hz, 2H) and 3.84 (s, 4H); "C-NMR
(CDCls) d(ppm): 166.3, 160.9, 132.2, 131.4, 118.5, 116.8, and 59.5.

Bis(salicylaldehyde) N,N’-trimethylenediimine (saltn) (74) [100]

Solution of 1,3-propylenediamine (0.025 mol) in methanol (30 mL) was
added to salicylaldehyde (0.05 mol). The mixture was stirred at room temperature
until precipitate occurred. Yellow needle crystals (24%): m.p. 51-52°C; "H-NMR
(CDCI;) &(ppm): 13.42 (s, 2H), 8.33 W} 6.85-7.31 (m, 8H), 3.66-3.69 (dt, 4H J =
6.72, 0.92) and 2.02-2.10 (q. i \ v /MR (CDCls) 8(ppm): 165.3, 161.0,
132.2,131.2,118.7, 118.5 4 .

Bis(benzaldehvg g (75) [101]
benzaldehyde (0.10 mol).

Ethylenediamiz g
The reaction mixture le yellow solid occurred.
Sassanol. Yellow crystals (84%);

2N, 7.71-7.67 (m, 4H), 7.40-3.35
n). 162.6, 136.1, 130.6, 128.5,

Precipitate was filterec 4
m.p. 48-50°C; "H-NMR 4
(m, 6H) and 3.97 (s, ' ‘ :
128.0 and 61.6. G

Bis(2-thiopheneal shyllaeee - el |\ e (thiophen) (76) [98]

Ligand was_synthaas =2 "’ ionhenealdehyde (0.05 mol) and

k

ethylenediamine ((%= Vhyl alcohol was used as

solvent. The white sc1 Wimseveral portions of distilled

water-ethanol solutiori nd dried at room temperature. White crystals (80%); m.p. 90-
91°C; 'H-NM )‘Sﬁ] m 6 (4 ns Hz, 2H), 7.24 (d, J =
3.66 Hz, 2H)%C3f;ﬂ : mﬂmn 3! Eg]:]; ! (:iMR (CDCls) 3(ppm):
156.2, 14 502871 fﬂj R s

AW AND LRI NLIA L o

Salophen was prepared by slowly adding salicylaldehyde (0.07 mol) to a
solution of 0-phenelenediamine (0.03 mol) in methanol which was being stirred at
room temperature. The orange precipitate was recrystallized from acetone. Orange
needle crystals (82%); m.p. 164-165°C; "H-NMR (CDCls) 8(ppm): 13.0 (s, 2H), 8.60
(s, 2H), 7.31 (m, 2H), 7.20 (m, 4H), 7.02 (d, J = 13.24 Hz, 2H) and 6.85 (t, J = 7.32
Hz) “C-NMR (CDCls) &(ppm): 163.6, 161.3, 142.4, 133.3, 132.3, 127.7, 119.6,
119.1,118.9 and 117.5.
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2.7.3.5 Preparation of Starting Materials

4-methoxy cinnamic acid [103]

Malonic acid 3.12 g (31 mmol) was dissolved in 6 mL of anhydrous pyridine,
4-methoxybenzaldehyde 3.54 g (26 mmol) and 0.26 mL of piperidine were added.
The solution was refluxed approximately 1.5 hr, cooled to room temperature, then
poured into a mixture of 16 g of ice, 8 mL of conc HCl and 26 mL of H,O,
precipitating the acid as a colorless solid. The product was filtered, washes with ice
water and recrystallized with ethanol JThe white mirror-like needle crystal (78%

yield); m.p. 173-174°C, R 0.l \
1598, 1516, 1446, 1432, 12

#KBr, cm™): 3650-3300, 1690, 1630,
Beand 1} &R (DMSO) & (ppm): 7.64 (d, J
= 15.87 Hz, 1H), 6.97-7 £ 6. )(rT z, 1H) and 3.82 (s, 3H); °C-
NMR (DMSO-dg) & - \ 130.6 (2x1C), 128.0, 115.2
(2x1C) (aromatic carbr oW and 67.2 (-OCH3).

"~ benzene and then substituted

toM\ fter that 0.3 mL of conc H,SO4

trans-cinnamic acid (0.01 | lf
was added and the mixture ZZ78aL <))

hours. The reaction mixture was

concentrated to rerfada /1 into 8 mL of ice water.

-

The mixture was e%dd "‘ ’ r. The combined extracts
were washed twice w1 ,‘I 10 mL 01 11,0, aricu vver Na, @y, evaporated in vacuum and
the residue was fractionaflysdistilled to givegfte desired compound.

N EYTEEIY BT T L A———

cm'): 1712, 1635, 1446, 1310 andg1267; lH-N&R (CDCL3) & gopm): 7.68 (d, J =
55 AR RNVINY TREL 0020
and 1.334t, J=7.04 Hz, 3H). S

Trans-ethyl 4-methoxycinnamate: Colorless oil (69% yield), Ry 0.56
(EtOH); IR (KBr, cm™): 1703, 1625, 1602, 1513, 1287, 1248 and 1170; 'H-NMR
(CDCls) & (ppm): 7.67 (d, J = 15.83 Hz, 1H), 7.51 (d, J = 8.21 Hz, 2H), 6.93 (d, J =
8.21 Hz, 2H), 6.34 (d, J = 15.83 Hz, 1H), 4.28 (q, J = 7.04 Hz, 2H), 3.87 (s, OCHs)
and 1.36 (t,J=7.04 Hz, 3H).
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Ethyl sorbate: Colorless liquid (78%), IR (neat, cm™): 3050, 1720, 1640 and
1620; '"H-NMR (CDCl3) & (ppm): 7.27-7.21 (m, 1H), 6.18-6.13 (m, 2H), 5.17 (d, J =
15.3 Hz, 1H), 4.18 (q, J = 7.2 Hz, 2H), 1.84 (d, J = 5.4 Hz, 3H) and 1.28 (t, J = 7.2
Hz, 3H).

2.7.3.7 Preparation of Epoxides
To a solution of alkene (5 mmol) in 15 mL of dry methylene chloride at 0°C

was added 70% m-CPBA acid (7 5. gk p)). After the solution was stirred for 3-6

hours, the excess peracid /rith saturated sodium bicarbonate

éueous layer was washed twice

combined, washed with brine,

solution, the organic layeg
with dry methylene chlor
dried and evaporated 0.2

1-methylcyclot 4 = \ H-NMR (CDCl3) & (ppm):
295 (t.J =351 Hz 14, e IR (s 3H); “C-NMR (CDCls) &
(ppm): 59.6, 57.8, 29.942- ‘

T MR (CDCLy) § (ppm): 7.23-
7.42 (m, 5H), 2.98 (d, < | 5.4 Hz, 1H) and 1.73 (s, 3H);
3C.NMR (CDCls) 8 (pprmiff 1 Kﬁ ' 125.4, 57.2 and 56.9.
vinyl cyclohexene 1 = sbiz/s 24 iquid; 'H-NMR (CDCl3) & (ppm):
6.00-4.75 (m, 3H), — 5
vinyl cycloh . é_ T-NMR (CDCl3) & (ppm):
5.65 (brs 2H), 2.53- 4J4(dd J=52, 27Hz 1H), 2.8%.50 (m, 2H) and 2.3-1.2 (m,

trans-rgfuurm NI VDT s o 10
(dd, J = 12.6, 2.4 Hz, 1H), 3.62 (df J 4#aHz, 1H), 2.95%h, 2H), 2.31 (br s,
@manm AR DA o 610

58.3, 55 ,33.0, 18.7 and 13.3.

cis-4-hexen-1-ol oxide: Colorless liquid; 'H-NMR (CDCls) & (ppm): 4.01-
3.72 (m, 1H), 3.15-2.74 (m, 3H), 1.97 (br s, OH), 1.72-0.85 (m, 11H); *C-NMR
(CDCls) & (ppm): 60.4, 59.7, 55.8 28.4,25.8 and 19.1.

1-octene-3-ol oxide: Colorless liquid; '"H-NMR (CDCls) & (ppm): 3.82 (s,
OH), 3.43 (q, J = 6.4 Hz, 1H), 2.99 (dd, J = 12.2, 2.9 Hz, 1H), 2.82 (t, J = 4.2 Hz,
1H), 2.72 (m, 1H), 1.60-1.31 (m, 8H) and 0.88 (t, J = 5.8 Hz, 3H).

a-methyl styr:
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cinnamyl alcohol oxide: Colorless liquid; "H-NMR (CDCls) & (ppm): 7.37-
7.27 (m, 5H), 4.06 (dd, J = 12.8, 2.0 Hz, 1H), 3.93 (d, J = 1.6 Hz 1H), 3.81(dd, J =
12.8, 3.8 2H ), 3.23 (m. 1H) and 1.84 (br s, OH); *C-NMR (CDCl;) & (ppm): 128.8,
128.5,,126.1,116.7, 62.8, 61.7, 55.8.

anethole oxide: Colorless liquid; 'H-NMR (CDCls) & (ppm): 7.17 (d, J = 8.9
Hz, 2H), 6.87 (d, J = 8.9 Hz, 2H), 3.79 (s, 3H), 3.50 (s J = 2.0 Hz, 1H), 3.01 (dd, J =
5.2,2.0 Hz, 1H) and 1.41 (d, J = 5.2 Hz, 3H); "C-NMR (CDCls) & (ppm): 160.0,
130.3, 127.2, 114.1, 59.5, 58.9, 18.0.

a-pinene oxide: Colo i) / (CDCl3)  (ppm): 3.07 (dd, J =

— ../-"—D) 1.62 (4, J=9.1 Hz, 1H), 131

(s, 3H), 1.29 9s, 3H) anee AR SR ) & (ppm): 60.2, 56.8, 45.1,

29.3,29.1,24.8, 19.6

geraniol 2,3 oxide: A R (CDCly) & (ppm): 5.07 (t, J =
6.9 Hz, 1H), 3.80 (dd, J = : (RSl (N - 12.1,6.7 He, 1H), 2.97 (dd,
J= 66,42 Hz), 2.10-1 502424 1.59 (s, 3H) and 1.28 (s, 3H);
BC- NMR (CDCls )" 138.4, 25.6, 23.6, 17.6 and
16.7.

geraniol 6,7 OAIde Colorless liquid; 'H-NMR \\,DC13) O (ppm): 5.44 (t, J =
5.63 Hz, 1H), ﬁﬂﬁﬁﬂﬂ@lﬂ ), 2.20-1.68 (m, 4H),
1.66 (s, 3H), 1@”& S(ppm) 138.4, 124.0,
64.0, 5

AWASAE A INAANENAY o

(t, J = 7.0 Hz, 1H), 4.58 (d, J = 7.0 Hz, 2H), 2.69 (t, J = 6.0 Hz, 1H), 2.20 (m, 1H),
2.13 (m, 1H), 2.04 (s, 3H), 1.71 (s, 3H), 1.65 (m, 2H), 1.29 (s, 3H), 1.25 (s, 3H);
3C-NMR (CDCL) & (ppm): 171.1, 141.2, 118.9, 63.9, 61.2, 58.4, 36.2, 27.1, 24.8,
21.0, 18.7 and 16.4.

-l
el
AX )

cis-stilbene oxide: Colorless liquid; '"H-NMR (CDCl3) & (ppm): 7.11-7.37 (m,
10H) and 4.37 (s, 2H); "C-NMR (CDCl;) & (ppm): 134.3, 127.7, 127.4, 126.8 and
56.7.
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trans-stilbene oxide: White solid; '"H-NMR (CDCls) & (ppm): 7.24-7.40 (m,
10H) and 3.92 (s, 2H); >C-NMR (CDCls) & (ppm): 137.1, 128.6, 128.6, 125.5 and
62.8.

nopol oxide: Colorless liquid; "H-NMR (CDCls) & (ppm): 3.72 (t, J = 6 Hz,
2H), 3.34 (d, J = 4 Hz, 2H), 2.70 (br, OH), 2.23-1.75 (m, 6H), 1.61 (d, J = 8.4 Hz,
1H), 1.32 (s, 3H) and 0.95 (s, 3H); BC-NMR (CDCl3) 0 (ppm): 63.1, 58.6, 54.9, 44.5,
40.6, 40.0, 36.5, 27.5, 26.7, 25.6 and 20.2.

ethyl sorbate oxide: Pale y L} f guid; 'H-NMR (CDCl3) 8 (ppm): 6.65 (dd,

J=8.5,7.1 Hz, 1H), 6.10 (d. sl ) 41'8 (q, J="7.1 Hz, 2H), 3.16 (dd, J =
5.9, 1.1 Hz, 1H), 2.95 (ddmmm— . : o d, J=5.1 Hz, 3H) and 1.30 (t, J
) ( .-!ﬂl ) (
= 7.1 Hz, 3H). | L
norbornene 0. AT ) & (ppm): 3.04 (s, 2H), 2.42

L R o\ \ ‘A-.-..,‘_'..\
2\ liquid; 'H-NMR (CDCl3) &
.00 (m, 1H), 2.21-2.32 (m, 2H)

(s, 2H), 1.49-1.42 (m
BC-NMR (CDCls) & (- 4

m, 2H), 0.69-0.65 (m, 1H);

1,2-dihydronap!
(ppm): 7.24-7.58 (m, 4’
and 2.03-2.08 (m, 2H). 4

2.7.4 The General Procedius E"'E'".._i 2 of Alkenes
A Ccbalt cAg=:

> S>/olvent (15 mL), followed
by the addition of alre:

%,
|

= yde to a round bottom flask
fitted with a balloon fied with oxygen. The mixture w stirred for 24 h at RT. After
the reaction w, ‘tﬁ ' i } | it s taken and extracted
with Et,0. Th%(ﬁigjd tﬂﬂcﬁ ﬁmﬁai solution of NaHCO;
and brine, respectively. The o%ﬁc layer wassslried over anh@drous Na,SO4 and

analy2® PH] QINE D SV A b blofiborite intermat

q

standard.”

2.7.5 Optimum Conditions for the Epoxidation Reaction

2.3.5.1 Effect of Ligand

The epoxidation reaction was carried out in the same manner as previously
described employing seven Co(II) calix[4] pyrrole (65-71), Co(II) benzimidazole (72)
and Co(II) schiff base (73-77) complexes as catalyst.
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2.7.5.2 Effect of Solvent

The epoxidation reaction was carried as dercribed earlier except for that
methanol, ethanol, ether, chloroform, acetonitrile, hexane, toluene, N,N-
dimethylformamide and tetrahydrofuran were used as solvent.

2.7.5.3 Effect of the Amount of 2-Ethylbutyraldehyde

The epoxidation reaction was carried out as previously described but the amount

of catalyst was varied (5, 10, 15, 20, 25 and 30 mmol).

2.7.6 Kinetic Study of Alkene 3 #alyzed by Cobalt(11) Complexes
The general epoxid> eSS ] }i Co(Il) calix[4]prrole (68) and
Co(II) benzimidazole (77 ‘ k‘t. At different reaction times

proceeded, an aliquot (0.2 = mL) of the reaction mixture

The general epo ) ol 4 1'Wls-stilbenes, norbornene, 1,2-
iterol benzoate using Co(Il)
calix[4]pyrrole (68) and C, IE_ 78§ as catalyst were carried out. An
aliquot (1 mL) of the reaction 3= o worked up and analyzed by GC and
'H-NMR spectroscg .
\Z

2.7.8 Regioselectivityf f-udy

Selected alkenesgsuch as -Vlnylcwlohexene (R)-limonene, (S)-limonene,

geraniol, geraﬂ %e&] Gg %ﬂ\ﬂ sréwsﬁsf]jﬁ ‘jnodel for studying this

purpose. Regloﬂlectlve studies wel? carried out utlhzmg Co(II) cahx[4]pyrrole (68)
and C Qﬂ mm oanﬂactlon mixture
was takeq worke analyz and "H- Spectroscopy

2.7.9 Chemoselectivity Study

Following the general epoxidation procedure, seleceted substrates containing
two functional groups in the molecules, namely trans-2-hexen-1-ol, 1-octen-3-ol and
cinnamyl alcohol were chosen as a chemical model. Chemoselectivity studies were

carried out utilizing Co(Il) calix[4]pyrrole (68) and Co(Il) benzimidazole (72) as
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catalysts. An aliquot (I mL) of the reaction mixture was taken, worked up and

analyzed by GC.

2.7.10 Epoxidation of Various Selected Alkenes

Selected alkenes including cis-4-hexen-1-ol, anethole, cinnamaldehyde,
cinnamic acid, ethylcinnamate and 4-methoxy ethyl cinnamate were subjected to this
developed epoxidation reaction catalyzed by Co(Il) calix[4]pyrrole (68) and Co(II)

benzimidazole (72). Other procedures wieige carried out as previously described.

2.7.11 Application of Deve SssCS ,lxma\ﬁ?ﬁon for Terminal Alkenes
Selected termind . inc udire, 1-dodecene, 1-octadecene,
a-methylstyrene, allylber S Seee and allyl phenyl ether were

S

subjected to this develey, e\ _ by cobalt(Il) calix[4]pyrrole

to Natural Products

Naturally ocurrir, 2 1P % %%: bonds namely a-pinene, -

pinene, eugenol methyl el #€r. 18 d citronellal were selected as a

substrate under the developed £—'-"

(68) and Co(II) ben(Myis '
W

2.7.13 General Isolattth Proce

tion utilizing Co(Il) calix[4]pyrrole

After the reactiogygs completed (fgljowed by TLC), the epoxidation product

was separatedﬁ %B t’g: Wo&ﬂr%t@ w«%}qaﬂx%cted according to that

described in tH¥ general procedure, and all the solvent were removed. The crude

¢

e TN I AN N e

as an elgent. The equivalent fractions monitor were combined and the

solvents were completely evaporated.

2.8 Results & Discussion

2.8.1 Synthesis and Characterization of Calix[4]pyrroles and Schiff Bases
meso-Tetrakis(4-methoxyphenyl)-tetramethyl-calix[4]pyrrole and 2-(thiophen-

2-yl)-1-(thiophen-2-ylmethyl)-1H-benzo[d]imidazole ligands were synthesized and
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confirmed their identities by comparing both physical properties and spectroscopic
data including IR and "H-NMR with those reported in literature. [105]

The 'H-NMR spectrum of calix[4]pyrrole displayed the proton signal of NH
group at oy 7.53. These proton signals were disappeared upon deprotonating to
polyanions. The polyanion was further treated with CoCl,.THF to yield the cobalt
complex. In addition, the 'H-NMR spectrum of Schiff bases revealed the proton
signal of NH group at oy ~ 8.28-8.60 and that of benzimidazole exhibited the
methylene protons at 6y 5.70 [106]. ,

All cobalt complexes A8 P s study was depicted as shown in

sections 2.3.3.1 and 2.3.3 .=

2.8.2 Optimum Condi* ™ @7/ L\ S Sagslohexene
Various param: ' - N0 optimize the epoxidation

reaction such as the con.g "o \ Se, type of catalyst and type of

[106], this present wordc atg z. W rameters including the effect
of ligands and the amo, Cyclohexene was chosen as a

chemical model.

2.8.2.1 The Effect 2 S Lclohexene Catalyzed by
Cobalt(11) %8 A
Even though .l arity of COQiL) coinpieXxes suéh .. Co(Il) calix[4]pyrroles and
Co(II) Schiff bases haveshegn investigated gy a catalyst in the epoxidation of alkenes

om,an codBh SR IV S N8I B S reprtd conceming

their catalytlc a%vny in the epox1daé10n react1on
ARIRENTRHRVTNB VG o

convert §cyclohexene to cyclohexene oxide selectively, various ligands were

examined. The results of the utilization of various cobalt catalysts are presented in

Table 2.1.
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Table 2.1 Epoxidation of cyclohexene catalyzed by cobalt(Il) complexes

@ catalyst 0.05 mmol ©>O
2-ethylbutyraldehyde 10 mmol, rt, 24h

acetonitrile:toluene 2:13 mL

% Recovery % Yield

Entry Co catalyst Reactant Epoxide MB
1 65 50 44 94
2 97
3 102
4 96
5 97
6 101
7 102
_ 8 ________________ 9 9
9 97
10 102
11 97
12 101
1395 : 102
reactions I BCemtiyst 0.05 mmol

2-ethylbid ! aldehy chnonoriauNitoluefif2:13 mL RT, 24h

From ﬂugt?ge‘ﬁﬁsw%:w ﬂq"leﬁ;‘@uld be classified, i..

Co(Il) calix[4]frroles (65-71), Co}II) benz1m1dazole (72) and Co(II) Schiff bases

) BN T EY N (1M ) a
oxide r gln to e complexes™ beari tron donating

substituents such as methyl 65 or ethyl 66 (entries 1, 2) provided lower yield than
those containing more powerful electron-releasing substituents 67 and 68 (entries 3,
4). In addition, steric hindrance and electronic effects of phenyl ring 69, 70 and 71
(entries 5-7) influenced the yield of the desired products. The most steric effect of
biphenyl ring gave only small amount of cyclohexene oxide (entry 6) [108].

In order to investigate the effect of Schiff base structures on the catalytic

ability, the related Schiff bases 73-77 were screened under the optimal conditions.
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The results are summarized in Table 2.1. It is evident that the rigidity and soft donor
atom on Schiff bases play important roles on the yield of cyclohexene oxide. Ligands
73, 75 and 76 (entries 9, 11, 12) derived from salicylaldehyde, benzaldehyde and
thiophen-2-carboxaldehyde respectively gave variable amount of yields; however,
being not more than 50%. The absence of chelating groups in aldehyde moiety could
imply that the effective ligand may be tetradentate ligand. In addition, the elongation
of ethylene unit in ligand 73 to propylene unit ligand 74 increasing the flexibility of
ligand appeared to show an importantee£fact to drop the yield (entries 9, 10). It can be

# c on ligands may lock the suitable

| é, reaction.

Moreover, the 'd jFane = wwand were also investigated.

noticed that the suitable dist' '

conformation of the lowest < ™%

Comparing ligands 74 ar_ @ \ NS ad correlations among rigidity,
\, 'x - ediamine was changed to
phenylenediamine, the s g€ ., 4 \ i I‘lgld and planar. Thus, with

more rigidity, it coud®st 901 (74 \\ Wind resulted in higher yield
/ ; \

7 Wvas changed to thienyl group

om, the yield of epoxide was

sharply increased up to 94¢, T = = 1 by soft-soft interaction between

donor atom and metal. Sulfur ag or atom and cobalt acted as soft metal

ﬁ‘_J ‘,r
t fhiteraction than cobalt and

R Jiat a type of donor atom,

therefore both cobiMya
oxygen atom [109]‘ ;r
planarity and rigidity - 'I yed St ettlyticff} stem.

According to the‘rﬂllts shown abcmg Co(II) calix[4]pyrrole (68) and Co(II)

benzmdazoleﬂzu/ﬁ s’}@ﬂl W ? waﬁq ﬂlﬁs'ar epoxidation reaction

study.

zgzﬁml AN IHNAIN DAY conr

Co(ll) Benzimidazole (72)

From the experimental conditions described above, CH3;CN and toluene were
used as a homogeneous medium. Several solvents were chosen to evaluate the
catalytic abilities of Co(Il) benzimidazole (72) in these media and to observe whether

they could replace CH3CN:toluene. The results are presented in Table 2.2.
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Table 2.2 The effect of solvent on the epoxidation of cyclohexene
@ Co(ll) benzimidazole (72) (1 mol%) O>
- o}
2-ethylbutyraldehyde 10 mmol, solvent, rt, 24h

% Recovery % Yield

Entry Solvent Reactant Epoxide MB
1 MeOH 88 10 98
2 EtOH 82 16 98
3 | 104
4 95
5 96
6 94
7 95
8 105
9 97
reaction cr. 4 £ e 4 -' 1 o’(ll)bemzmw
0.05 mmc##2. ' ’ 1O solvent 15 mL, rt, 24h

From Table 2.2, the con goxidation in the presence of ligand 72

b

were optimized. T]i¥%q

between cyclohexc§ 28 Y

Vs 1 mol%. The reaction
A “Jas oxidant using Co(II)
benzimidazole (72) asfjtalysc s WEUCL Thflise of Co(IT) calix[4]pyrrole
(68) as a catalyst was pgeg)usly experimec;ed and observed [107]. Among various

types of solvﬂsﬁa&% %b&]%@éwyﬂfy]oﬂuﬁem appeared to have

dramatic effect®n the yield of the reaction. The use of polar protic solvents such as

. ¢ o R
TR TN AT
CHCl; agd Tl F a$ Solvents, the reactions providéd the Products in Tow to moderate

yields (entries 3, 4, 8 and 9) except for CH3;CN giving much higher yield (entry 5).
Nonpolar solvents such as haxane and toluene were also tested and it was found to
afford as high yield of the desired product as that obtained using CH3CN (entries 6,
7).

In terms of yield, CH3CN, hexane and toluene appeared to be the best solvents
among the solvents tested, affording the product in 81, 84 and 83% yield, respectively.

From the preliminarily investigated results [107], the study on the mixed solvent
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systems between CH3CN and toluene was investigated. However, hexane was found
as another alternative solvent for the epoxidation reaction.

In order to study the effect of mixed solvent, four diverse ratios of CH3;CN to
toluene were investigated. With ratios of 2:13, 5:10, 10:5 and 13:2, the reactions gave
similar results (90-94% yield). Consequently, the only system with the ratio of
CH;CN:toluene (2:13) was chosen to use in further experiments and cobalt complex

of ligands 68 and 72 were also evaluated under this optimized condition. [107]

2.8.3 Kinetic Study of Cycloas ¢ #>d by Co(ll) Calix[4]pyrrole (68),
Co(l1) Benzimidazo! ;
The kinetic study & i o~ —ene by Co (II) calix[4]pyrrole
(68), Co(Il) benzimidazo : ™ e conducted at RT. The results

are shown in Figure 2.1

80 -

70 -

60 1 —— CoClL.6H,0
(3] _
2 50 —=— Co(II) benzimidazole (68)
o
o = ~ o(IT)calix[4]pyrrole (72)

AN T,

< 30 - TN

20 A —

10 - g4

0 w-l = Time (h)

" HdgAEnINYIng

Figure 2.1 Kinflfic study on the epoxidation of cyclohexene catalyzed by

’;1 m)ﬂ‘ﬁﬂ'ﬁ’fﬁﬁﬂ”ﬁ%m ﬁ’rﬁfocb.mzo

From Fig 2.1, it was found that the rate of the epoxidation of cyclohexene
catalyzed by Co(II) benzimidazole (72) was faster than those of Co(II) calix[4]pyrrole
(68) and CoCl,.6H,0, respectively. The best final yield of cyclohexene oxide was
obtained when Co(II) benzimidazole (72) was utilized. The half-life of the
epoxidation catalyzed by CoCl,.6H,O, Co(II) benzimidazole (72) and Co(Il)
calix[4]pyrrole (68) was approximately 4.0, 2.5 and 3.5 h, respectively. The results
showed that Co(II) benzimidazole (72) and Co(II) calix[4]pyrrole (68) were both
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efficient catalysts for this reaction since the reaction in the presence of CoCl,.6H,O

was very slow and the conversion was < 20%.

2.8.4 Epoxidation of Selected Alkenes Catalyzed by Co(ll) Calix[4]pyrrole (68)
and Co(ll) Benzimidazole (72)
To extend this developed epoxidation system, various alkenes were selected for

exploring the selectivity of the reaction. The stereoselectivity of this reaction was

focused on the epoxidation of cis-stilhgne, trans-stilbene, norbornene, cholesteryl

%1% studies in organic reaction is
LY "‘-.__
2 0N1c®0 be carefully examined.

\l\

Two isomeric, Cis- g##id ﬁf' —— selected as chemical models to

T

E}E .:’ J

perform this selectivity study.

o this study may provide informative
data on the mechan;S¥% gf ¢fCated in Table 2.3.
\Z o

Table 2.3 StereoselefJvity St waticfffof cis- and trans-stilbenes

T

catalyzed byﬁgﬂ) calix[4]pyrre}p (68) and Co(II) benzimidazole (72)
AVfaX LW E-10Ta BAL O | ,

btry d Epoxide
Reactant  cjs-form .Jtrans-form

ATAAIUIINGAN-

Entry  Substi@fe Catalyst

2 Co(ll) benzimidazole (72) 46 97
3 pn  Co(ll) calix[4]pyrrole (68) 50 - 45 95
4 Ph Co(ll) benzimidazole (72) 45 - 53 98

reaction condition: substrate 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde 20 mmaol,
CH3CN:toluene 2:13 mL, rt, 24h

From Table 2.3, it was observed that in the case of cis-stilbene, the use of

either cobalt(Il) calix[4]pyrrole (68) or cobalt(Il) benzimidazole (72) yielded
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comparable isolated yields of the desired products, a mixture of cis- and trans-stilbene
oxide, even more oxidant was used (20 mmol). The detection of cis-epoxide could be
accomplished by 'H-NMR spectroscopy. In the 'H-NMR spectrum (Fig 2.2), the
aromatic protons were observed around Oy 7.16-7.42. Fortunately, the most
characteristic peaks for cis- and trans-stilbene oxides distinguishly appearred at
different chemical shifts. To illustrate this, the protons on the carbon connected to the
oxygen of an oxirane ring of cis-stilbene oxide could be detected at dy 4.39 while
those belonged to trans-stilbene as clearly observed at oy 3.91. These
observed chemical shifts of & " /ucts were in good agreement with
s synt 7

Jé“qe quantitative analysis could be

those obtained from authe
accomplished by compaz th in S ethyl protons of the known
amount of an internal < / . S s condition, the yield of the
epoxide was quite lo- o= c R of both substrate and the
catalyst involved. That g\ ed. Similar observation was
noticed from the &5ox, -I%s SNn “the latter case, cobalt(Il)

calix[4]pyrrole (72) . G a Mer catalyst than cobalt(II)

benzimidazole (68). The;, 'sole Vl-_‘ as \§a¥kd in the case of employing 20
mmol of the oxidant. Z 4,;
A% ,
Fiiiiic ke
[ Al )

AUEINENTNEIN
PRIRIATAMINY

cis-form trans-form

e J___., \i 1/ L
H

_Hd

T T T i N T T T T T T
8.0 7.0 6.0 5.0 4.0 3.0
PPM

/

d

— o

=~

7] INTEGRAL

T T T
2.0 1.0 0.0

Figure 2.2 The 'H-NMR spectrum of a mixture of cis- and trans-stilbene oxides
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The more important point derived from this experimental fact was that the
epoxidation of trans-stilbene provided solely trans-epoxide whereas the products
achieved from the epoxidation of cis-stilbene was a mixture of Cis- and trans-stilbene
oxides in comparable amount (1:1). This informative data could be used for
mechanistic interpretation. The explanation for this observation should derive from
the consideration of the intermediate of the reaction formed. The more stable radical
intermediate should be a trans-form more than the cis-one [110]. Thus, in the case of

cis-stilbene, in an equilibrium stagey the formation of trans- radical intermediate

derived from the free rotatiq: ngle bond from cis-one should be
' }i‘ ill lead to the observation of a

m—"Lally. Whereas the epoxidation

occurred simultaneously vz
mixture of Cis- and trans®
of trans-stilbene took p!= ical intermediate and produced

the trans-epoxide as the

Y%
[Ph (L,)Co=0

Ph

e of cis- and trans-stilbene oxide

only trans-stilbene oxide

Scheme 2.3 The pr .y:l‘ X Jcis- and trans-stilbenes
[j
Norbornene

Norboﬁpwr}%ﬂ w%wﬁ,qﬂo | for stereosclectivity

study. The r&ilts of the epox1dat10n of norbornene catalyzed by Co(Il)

CaI‘WW‘Tm?’EWW’WT‘EI’TﬁbEP *
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Table 2.4 Sterecoselectivity study on the epoxidation of norbornene catalyzed by
Co(II) calix[4]pyrrole (68) and Co(Il) benzimidazole (72)

o g

Entry Catalyst 2-ethylbutyraldehyde  %Recovery  %Yield MB
(mmol) Reactant Epoxide

1 CoCly.6H,0 10 45 52 97

2 Co(ll) calix[4]pyrrole (6& 34 72 102

3 Co(ll) benzimidazg! 14 88 102
4 Co(ll) benzimid-—g 12 86 98

5 Co(ll) benzims F 7/ "\ . 10 85 95
reaction condition: nc '

-ethylbutyraldehye x mmol,

From Table 2.4 4% - .o NS loped condition, norbornene
, % .0 was used as catalyst (entry
1). Employing Co(II) calix, |85 ® benzimidazole (72), norbornene

oxide could be attained in high T 3). The increment of the amount of

AJ
oxidant, 2-ethylbut; ™d 7 L 1 affect on the epoxidation

.r sould be accomplished by

reaction (entries 4, &8 ‘
e 'HYIMR spectrum (Fig 2.3a), the

'H-NMR spectroscop; ! sing INOWS —_—

i

proton of epoxide was olgsgayed at 6y 3.01.glghen the proton of the epoxide at oy 3.01

was 1rrad1ate(ﬂrN)E} '3 W{Mﬂ:‘j %H '}ﬂ ﬁt changed. This could

confirm that thé¥xirane ring in norb‘prnene was present in the eXO form. The spectrum

l“h"“@WﬂﬂﬂﬂiﬂJﬁJWTmU’lﬁﬂ
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Figure 2.3 (@) The '"H-NMR spectrum of norbornene oxide

(b) The NOE spectrum of norbornene oxide irradiated at oy 3.01
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Cholesteryl acetate and cholesteryl benzoate

Cholesteryl acetate and cholesteryl benzoate were selected as another two
substrate models for stereoselectivity study. These substrates could give informative
data on which face of epoxide would be reacted with the actual reagent. The results

are presented in Table 2.5.

Table 2.5 Stercoselective epoxidation of cholesteryl acetate and cholesteryl benzoate

catalyzed by Co(1I) calix[4 g grgole (65-71) or Co(II) benzimidazole (72)

H3C H
RS0
+
R o)
B-form

Entry Substrz a—epoxide : B-epoxide®

12 70:30
2 50:50
3 40:60
4 37:63
5 35:65
6 45:55
7 | ¢a 70 Y 85 35:65
s AUHINUNINYINTG =
U

AMaen TN Ingnats

12 72 81 50:50

reaction condition: substrate 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde
10 mmol, C,H,4Cl,, 1t, 24h
@ substrate 5 mmol, m-CPBA 7.5 mmol, CH,Cl,, 0°C, 4h
b |solate yield ¢ determined by *H-NMR analysis

Stereochemistries of the epoxidation of 5,6-double bond in cholesteryl acetate

were examined as presented in Table 2.5. It was found that the epoxidation catalyzed
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by Co(Il) calix[4]pyrroles (65-71), afforded the hindered 5,6-B-epoxide as a major
product (entries 2-8), whereas Co(II) benzimidazole (72) could epoxidize cholesteryl
acetate to its oxide in high yield but no pronounced selectivity was observed (entry 9).
The ratio of a- and B-epoxides was approximately 1:1. This was indicative that the
structure of catalyst, Co(Il) benzimidazole (72) was not sutible for asymmetric
epoxidation. The epoxidation of cholesteryl acetate furnished the corresponding
mixture of 5,6-a- and 5,6-B-epoxides in the ratio of 70 to 30 (entry 1). It was

interesting to point out that the leso Ll f jrgd 5,6-a-epoxide was obtained as a major

double bond, no effect ) . was observed (entries 12-13).

Stereochemistries of tk pr N chemical shift of the proton

\ %,H 3.10 of B-epoxide and the

-
£,
o
[77]
o
-
o
e
Q
1
o
=]
o
O
N
~

; N integrations of the protons at

C-6 (Hgo and Hgp) in "H- 4 £ = =, hibited in Fig 2.4.

\Z
I

AULINENINeNG

ARA9NT0IKMA T

s

T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | 1
7.0 6.0 a. 4.C 3L 2. 1.0 0.
npmif

Figure 2.4 The '"H-NMR spectrum of a mixture of a- and B-cholesteryl acetate oxide
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2.8.4.2 Regioselectivity Study

A concern of the direction of chemical reaction to take place involved in the
regioselectivity study. Catalyst plays an important role in this regard. 4-Vinyl
cyclohexene, (R)-limonene, (S)-limonene, geraniol, geranyl acetate and ethyl sorbate
were selected as a model for studying this purpose. Regioselective studies were
carried out utilizing Co(Il) calix[4]pyrrole (68) and Co(Il) benzimidazole (72) as

catalysts.

4-Vinylcyclohexene

4-Vinylcyclohexene

ﬁ' chemical model to observe

regioselectivity of the rea’ ere carried out utilizing Co(II)

calix[4]pyrrole (68) and as catalysts. The results are

presented in Table 2.6 a-

Table 2.6 Regiosele ' S0, xene catalyzed by Co(Il)
calix[4]pyr 4 |
@)
- +
0] o
= ' (80
S Id
- - %Yie
Entry Catf{jt mecent  dpoxide (78:79:80  MB
12 ﬁZO 1:0) 105
z ﬂu[m PUNINY N
Co(ll) benzimidazole (72) & 84 (124001 104
4bQ 7 mmmm's NYARY -
5b Co(ll) benzimidazole (72) 73 (7.8:1:0) 103
6° Co(ll) calix[4]pyrrole (68) 16 80 (7:0:1) 96

reaction condition: 4-vinylcyclohexene 5 mmol, catalyst 0.05 mmol, 2-ethylbutyraldehyde
10 mmol, CH;CN:toluene 2:13 mL, rt, 24h
a 4-vinylcyclohexene 5 mmol, m-CPBA 7.5 mmol, CH,Cl,, 0°C
BCH,CN was used as solvent
€CH4CN was used as solvent and 2-ethylbutyraldehyde 20 mmol
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4-Vinylcyclohexene contained two olefinic bonds: one was endocyclic double
bond and the other was a terminal double bond outside the ring. Therefore, it was
possible that three isomeric epoxides as 1,2-oxide 78, 7,8-oxide 79 and 1,2,7,8-
diepoxide 80 could be formed. The attempt to purify these three epoxides from the
crude product was accomplished via silica gel column. These three isolated single
isomers were well-confirmed their stuctures by spectroscopic evidence as illustrated
in Figs 2.5-2.7. Regioselectivity of the epoxide product was identified by the chemical

shift of the oxirane proton in '"H-NMR ,The two protons of oxirane ring of 1,2-oxide

78 could be observed at &y 3.1 \ /-oxide 79 were detected at oy 2.20,
2.52 and 2.76. For 1,2,7,8 ST i /iprotons were clearly detected at
81 3.18, 2.65 and 2.46, rot i ¥ ==

The epoxidatior. SPBA was previously reported

N
% \I.'h"\
N

[12], two products ider, : 2 | \;\4\\ oxide 79 in ratio 25:1. In the
same experiment when 7 @, 3 “‘\\T\.\_\ oxidant, 1,2-oxide 78 and
7,8-oxide 79 were ob#in  #F- al (=7 m wi.en m-CPBA was used, 1,2-
oxide 78 and 7,8-oxide oy Ah A oS (entry 1). Employing Co(II)

M :atalysts manifestly illustrated

oLy
-t 7

high regioselectivity on the ##q %

pr—

a mixture of CH3;CN and toll‘, e
TN

/188 -lohexene. From Table 2.6, when

2-oxide 78 and 1,2,7,8-diepoxide 80

were obtained in t'n  J yymation of the latter was

believed to take pleds ML) n addition, when CH;CN

was used 1,2,7,8-diep, ';I de 80

78 and 7,8-oxide 79 wag gdetected in the rggio of 7.8:1. When 2-ethylbutyraldehyde

wasincreascd P L PP T URI N ed. 12-0ride 78 and

1,2,7,8-diep0xia! 80 was obtained *n the ratio of 7:1 (entry 6). This result strongly

indicai Iﬁl ?Wﬂﬁ‘mmmiw Ej ﬂ\aﬂﬂ:lohexene was

greatly ed on the solvent. The mixture of CH3CN and toluene was suitable for

remm—erved (entil” i 4, 5). The ratio of 1,2-oxide

internal alkene epoxidation while CH3CN was appropriate for the epoxidation of
terminal alkene [111]. This observed regioselectivity could be explained by the
electron density, the olefinic portion in the ring of cyclohexene had clearly more

electron density than that at terminal site; therefore prevailing being epoxidized.



50

S

el I".I I""il
Figure 2.5 The 'H-NMR g8 005 ) N O Mne-1,2-oxide (78)
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Figure 2.6 The 'H-NMR spectrum of 4-vinylcyclohexene-6,7-oxide (79)
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Figure 2.7 The 'H-NM,

vl
(R)-Limonene and #F)-% -,._,_,

(R)- and (S)-limonenes 2 TR

wduct containing two double bonds in

the molecule. ThZ "\ probe to examine the

regioselectivity of (2 A Js could be considered for

stereoselectivity studyfif/hen i I} 10) calix[4]pyrrole (68) and

~u Dy

Co(H) benzimidazole compared other reagents previously report in

s WYY wﬂmw 41N
ammnimum'mmau

J
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Table 2.7 Regioselective epoxidation of limonenes catalyzed by Co(Il)
calix[4]pyrrole (68) and Co(II) benzimidazole (72)

O O
I +
(@)
P P
limonene (3) (81)

Bvidant %Recovery % Yield of epoxide®

Entry Substrate Catalyst N Reactant g s vans)’ o1 MB
1  R-limonene Co(ll) cali G 48 (1.77:1) - 97
2 S-limonene  Co(ll) 2 (6) - g 53 (1.75:1) - 103
3 R-limonene Co('. ‘ ‘ \ -- 28 (1.83:1) 78 106

4 S-limonene 30 (1.78:1) 72 102

5 R-limonene 75 (1.32:1) - 98

6 S-limonene 72 (1.35:1) - 102

72 R-limonene 82 (1:1.45) trace 82

82  S-limonene I > == & race 83 (1:1.40) trace 83
' "hol, 2-ethylbutyraldehyde (vary),

reaction condition: substrate 5 mni
CHSCN:toluerZiibd/ i 2 /)
2 g uptras Clg9°C 4h
b N -4 0000000 - '
Vi Y
Table 2.7 shoflf the S0 n bf I1))- and (S)-limonenes. The

v

regioselectivity observeg g the epox1dat‘)} of (R)- and (S)-limonenes could be

attributed to tﬂ ﬁﬁﬁ} Wﬂ %%ﬁ":l ﬂh‘jouble bond present in

the molecule. Bdr (R)- and (S)- hmé)nenes the endocychc monoepox1de 3 was the

most aa ﬂ]:ag imu‘n ﬂ) Eeﬂore substituted
double nd entrics 1-2). In ethylbutyra :11 was increased to 20

mmol dlepox1de 81 was observed in good yield (entries 3-4). When Co(II)
benzimidazole (72) was used, epoxide 3 was occurred in higher yield than that
obtained from Co(II) calix[4]pyrrole (68), but less regioselectivity. Stereochemistries
of cis- and trans- products were identified by using coupling constants (Jyans > Jcis) in
"H-NMR. All protons of (R)- or (S)-limonenes were displayed almost at the same

chemical shift. The proton of trans form of either (R)- or (S)-limonenes appeared at oy
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2.98 while that of cis form exhibited at oy 3.06. The results are presented in Figs 2.8
and 2.9 [112].

2,0
trans
:
Figure 2.8 The 'H-NNV#fs i Wimonene oxide

trans

AU INDNINYINT

AN IUNNIINGA Y

Figure 2.9 The '"H-NMR spec;[rum of cis- and trans-(R)-lifnonene oxide

Geraniol and geranyl acetate
Geraniol, a natural monoterpene containing two kinds of double bonds was
selected as a model for catalytic epoxidation catalyzed by Co(Il) calix[4]pyrrole (68)

and Co(II) benzimidazole (72). In addition, geranyl acetate was selected as a model to
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prove whether an acetyl group had direct effect on the epoxidation reaction. The
results of the oxidation of this monoterpene and its derivative are presented in Table

2.8.

Table 2.8 Regioselective epoxidation of geraniol and geranyl acetare catalyzed by

Co(II) calix[4]pyrrole (68) and Co(II) benzimidazole (72)

OR
O

(21)

% Epoxide?

Entry Substrate MB
82 83 84

1 R=H 20 25 - 103

2 R=H 41 52 - 93

3 R=H 92 92

4 R=H Coll) | zi — trace 40 55 - 95

5 R = OAc Co(ll) calixlz ;5:‘«1"" : trace trace 90 - 90

reaction condition: sy ¥jrak
2=

dyi y:" ) ‘

Il’ ,raldehyde CH;CN:toluene

..l
L) ¥

The catalytic epqigltlon of geram@ and geranyl acetate in the presence of

Co(Il) calix[ ﬂrﬂeﬂ%%%ﬁzﬁl%}q(ﬂ%w a mixture of 2,3-

epoxide 82 andlb,7-epoxide 83 (entrles 2 and 4) In addition, when m-CPBA was

used, a a@ﬁﬂhimﬁgj m tio (entry 1).
Increas1 eth 1de mol, d on crani s detected in

high yleld (entry 3). Interestingly, when a hydroxyl group was protected as an acetyl
group, solely 6,7-epoxygeranyl acetate (83) was formed in high yield (entry 5). This
result confirmed the previous observation on the selectivity of the system that the
epoxidation under this developed system selectively not take place at electron
deficient C=C position. On the account to the mechanistic point of view, this observed
selectivity implied a typical behavior of a hydroperoxy species which reacted faster

with more electron rich alkenes [113]. The regioselectivity of the monoepoxy product
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was identified by "H-NMR. The proton signal of 2,3-epoxygeraniol was detected at 8y
2.95 and that of 6,7-epoxygeraniol was observed at oy 2.68 (Figs 2.10, 2.11). From
the previous work, Sharpless et al. studied the regioselectivity of the epoxidation of
geraniol using vanadium-hydroperoxide systems. High regioselectivity for the 2,3-
double bond of geraniol was observed. The epoxidation could however be taken place

only in the presence of allylic alcohol [46].

T | T T T T
a.0
npmif

Figure 2.10 The 1H-NMR ectrum of 2,3-gpoxygeraniol (82)

ﬂuEJ’J'ﬂEWIiWEI'm‘i
QW'WMﬂ?WNWW’JVIB’mB
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Figure 2.11 The 'H-NMJ

Ethyl sorbate

In the preyi £ al. reported that o, B-

unsaturated keton V_ X e system using Co(II)
calix[4]pyrrole (68) ¥

observation, ethyl sorb#was selected ggya substrate. Under the same reaction

cnsions s i Hﬁ’&%&%ﬁ WEFN S
QWW AINTUNNINYIA Y

- Co(11 — o 2) _ catalyst. To confirm this
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Table 2.9 Regioselective epoxidation of ethyl sorbate catalyzed by Co(Il)
calix[4]pyrrole (68) and Co(II) benzimidazole (72)

O O

/\/\)J\ M
NN OEt X OEt

%Recovery % Yield

Entry Substrate Catalyst i
Reactant Epoxide

12 - 53 45 98

ole (68) 40 56 96

,/J o’ 3 60 95

== mmol, 2-ethylbutyraldehyde
. 24h
\mol, CH,Cl,, 0°C, 4 h

reaction condition: et

From Table o different C=C bonds; one
connected to an ester B V() ®osen as a new substrate for

epoxidation reaction. #F-! WoUWned in moderate yield. The

epoxidation was howeve gic & 7 1 s 4, ace & W8 remote double bond while the
one next to an ester moiety gFase ‘r.r E : i 8 rly indicated that the epoxidation
prevailly took place at the C=(- BT AJ g the electron withdrawing group. All
results were confiry? 1 s T the olefin in ethyl sorbate

were detected at Oy V_ .r‘ on occurred at the remote
C=C, the proton sign _! of olCTii o oFREsRgRilia o. 194 | |-re disappeared. The results

are displayed in Figs §. )2, 2.13. From ghe previous work, cationic manganese

comples 1140} 31 &J DIVBIIATTERJ LR Foion of s substae

The mixture of ”5 and 2,3- monoegpmde was obtalned in the ratlo of 4:1. This result

" IRIN ARTHHWITNYIRE
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Figure 2.13 The 'H-NMR spectrum of ethyl sorbate oxide
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2.8.4.3 Chemoselectivity Study
Following the general epoxidation procedure, a substrate containing two
functional groups in the molecules was chosen for chemoselectivity study.
Allylic Alcohol
Certain allylic alcohols including trans-2-hexen-1-ol, 3-octen-1-ol and
cinnamyl alcohol were selected as models for catalytic epoxidation catalyzed by
Co(Il) calix[4]pyrrole (68) and Co(II) benzimidazole (72). All chosen compounds

contained an olefinic and a hydroxyl @jpp in the molecules. These substrates could

Table 2.10 Chemoselerz \ ~ hexen-1-o0l, 3-octen-1-ol and
| 'X[4]pyrrole (68) and Co(II)

\ %Recovery % Yield

Entr .
y Reactant Epoxide
1 H O\/\/\/' 42 60 102
2 24 75 99
3 51 45 97
4 48 54 102
5 X \OH Co(ll) calix[4]pyrrole (68) 25 74 99
o u
6 89 99

reaction cono“on substrate 5 mmo], catalyst 0. 05 mmol, 2- ethylbutggldehyde 20 mmol,

% rl@ijfjo )ca ugztpymlea y;lng- fl'ﬁ?eg!imidazole (72)

could assist the conversion of allylic alcohols to the desired product in moderate to

high yield. In this reaction, CH3;CN was used as solvent replacing a mixture of toluene
and CH3CN since the latter gave low to moderate yield. In addition, trans-2-hexen-1-
ol oxide and 3-octen-1-ol oxide were obtained in moderate yield when Co(Il)
calix[4]pyrrole (68) and Co(II) benzimidazole (72) were used as catalyst (entries 1-4),
whereas cinnamyl alcohol could be epoxidized to cinnamyl alcohol oxide in high

yield (entries 5, 6). It is noteworthy at this point that the presence of the hydroxyl
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group in the allylic molecule did not interfere the epoxidation occurred at the olefinic
site. In addition, this result could give informative data that the hydroxyl group was
not oxidized to aldehyde or carboxylic acids. From the previous work, Sharpless et al.
reported a new chiral epoxidation system that gave uniformly high asymmetric
inductions throughout a range of substitution in the allylic alcohol substrate. Upon
using of a given tartrate enantiomer, the system seemed to deliver the epoxide oxygen
from the same enantioface of the olefin regardless of the substitution pattern.

Sharpless’ system was found to be suitaple for allylic alcohol substrates [115].

Terpinen-4-ol

observe the chemoselect i\ \ by Co(Il) calix[4]pyrrole (68)
and Co(II) benzimidazo ##", oA spate contained two functional

groups, thereby intercsti- g#fi g F ity of the epoxide product. The

AULINENINYINT
IR TN ININY
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Table 2.11 Regioselective epoxidation of terpinene-4-ol catalyzed by Co(Il)
calix[4]pyrrole (68) and Co(II) benzimidazole (72)

%Yield

Entry Catalyst Epoxide (cis:trans) MB
12 Co(ll)calix[4]pyrr 58 (3.37:1) 96
2a Co(ll)benzim/Eme— ¥ oo 3 50) 95
3P Co(Il)calix[A1 g™ 7/ N » 41 (2.37:1) 101
4b Co(ll)benzi: = W 44 (2.33:1) 102

\, 81(3.31:1) 81

/ '
FERT \

5¢ Co(ll)calix[4? —
reaction condition: s J N g
, _;e,

s itoluene 2:13 mL

£ II'\.‘I N
Q ' \ Cr%CN 15 mL, 2-ethylbutyraldehyde

esubsfat: Fmmalads oo H5CN:toluene 2:13 mL

2-ethyll, r T8 h

p Tl oy i
From Table 2.11, uag 22 . : Whe a mixture of CH3;CN and

toluene was used ap= -

‘:‘ poxides were obtained in
moderate yield with ! ST t=ts 1, 2), while using CH;CN

as solvent, the diaster®omeric ratio was decreased to 2501 (entries 3, 4). This result
indicated that ﬂ ‘i 1 }i‘{ : eric ratio. In addition,
when terpinen ﬁoﬂﬂe zﬂlﬂﬂ Hrﬂjﬁ:ﬁﬁof terpinen-4-ol oxide
was obtained in high yield with th€ same diastefomeric ratio (8t 5). This result
s R AN AIIAAT V8L, i
system. %he stereochemistry of Cis- and trans-products was compared with (R)- and

(S)-limonenes.
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2.8.5 Epoxidation of Other Alkenes Catalyzed by Co(ll) Calix[4]pyrrole (68) and
Co(ll) Benzimidazole (72)

Other alkenes, namely 4-hexen-1-ol, anethole, cinnamaldehyde, ethyl

cinnamate and 4-methoxyethyl cinnamate were selected to epoxidize under this

developed epoxidation reaction. The results are presented in Table 2.12.

Table 2.12 Epoxidation of selected alkenes catalyzed by Co(Il) calix[4]pyrrole (68)

Entry % Epoxide
1 —ﬂ]‘pyrrole (68) 35, 442
2 ' ' / S Sesimidazole (72) 31, 452
3 Y 7 =2 SR role (68) 74
4 f R | Wlazole (72) 70
5 Whyrrole (68) NR
6 ridazole (72) NR
7 ¥ calix[4]pyrrole (68) NR
8 azimidazole (72) NR
9 £ ‘ le (68) NR
10 MeOJ/\ l ~o(Il) benzini Azole (72)

reaction co Ibutyraldehyde
B T
(WFTJ zﬁmélmrl: ﬁgzed by Co(Il)
cahx[4]m/rro e @mmn imidazole (7 This € corresponding

epoxide in low yield. When the solvent was altered from a mixture of toluene and
CH3CN to CH3CN, the desired product was increased to 44% and 45%, respectively
(entries 1, 2). In addition, anethole, another example of natural product could be
epoxidized to anethole oxide in good yield (entries 3, 4).

The epoxidation of cinnamaldehyde, ethyl cinnamate and ethyl 4-methoxy-
cinnamate were also carried out to observe the possibility to employ this methodology

to synthesize epoxy acid or its ester derivatives. It was nevertheless noticed that the
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reaction was not occurred. The ester group of cinnamate displayed as electron
withdrawing group decreased the electron density of double bond, therefore rendered
the reactivity of the substrate (entries 5-10). It could be summarized at this point that
this developed system was not applicable for alkenes connected with electron

withdrawing group.

2.8.6 Applications of Developed Epoxidation Reaction to Terminal Alkenes

The reaction of alkene with pagqxy acid to produce epoxides has been known.

paration of epoxides. Oxygen atom

bt /_'af cilitated by electron donating

lou e b . tron withdrawing groups on

It provides the most convenienizss
transferred from a peroxv.™
substituents on the carbo:

the peroxy acid [117]. L.alkenes was nevertheless less

o

reported because of the’ ‘_t.‘\\: such as the system using

30% H,0, under haliae- @fc 'x..‘__\ consisted of Na,WOq,

dihydrate, (aminor ethyltri-n-octylammonium

hydrogensulfate in a 2: W limited examples. Therefore,

the epoxidation of termir gfe LTG5 =3 xplore.

ation reaction employing Co(II)

The attempt to apj, ,—' :

calix[4]pyrrole (68) and Collr—

[41py (68) YV TT)
conducted. Various/ P a o

present work conce 2

wlc (72) for terminal alkenes was
tYfC epoxidation reaction. This

Y] 2-ethylbutyraldehyde. 1-

¥

2661 The efify EI @Wﬂyﬁwﬁ@ﬂ@n the Epoxidation of

1-Dodecehke Catalyzed by, Co(ll) calix[4]pyrrole (68) and Co(ll)
-

TRTAINIMNRINLINY ...

studied. The effect of 2-ethylbutyraldehyde was examined and the results are

Dodecene was chosen i} a chciit

presented in Table 2.13.
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Table 2.13 The effect of the amount of 2-ethylbutyraldehyde on the epoxidation of 1-
dodecene catalyzed by Co(Il) -calix[4]pyrrole (68) and Co(Il)

benzimidazole (72)

2-Ethylbutyraldehyde % Recovery % Yield

Entry Catalyst ( mmol) Reactant Epoxide MB
1 Co(ll) calix[4]pyrrole (68) 10 41 58 99
2 Co(ll) calix[4]pyrrole (68) 15 32 65 97
3 Co(ll) calix[4]pyrrole (623 25 74 99
4 Co(ll) calix[4]pyrro! 51 50 101
5 Co(ll) calix[4]pvr: 48 99
6 Co(ll) benzim 62 103
7 Co(ll) benzir 71 103
8 Co(ll) benzim 80 105
9 Co(ll) benzimic’ Pt AN 65 102

10 Co(ll) benzimid€ 55 104

rection condition: 1- doc.\,cr

- -"'1-' . ,_ '
Under the (¥ a ) 7 2-cthylbutyraldehyde 20

ml, 2-ethylbutyraldehyde X mmol,

mmol provided the§ 28 A ‘ in both catalytic systems

(Table 2.13, entries 3{{f). Wiish ¥ Z-cthyffjutyraldehyde was increased
from 20 mmol to 25 or 39 gmol the perceW1eld of 1- dodecene oxide was invariant.

This result 1%%8!;2%% ﬁew Wﬁwas suitable for this

substrate.

ZSGZEMMHNMM’QMM Elorene 1.

Dodecene and 1-Methylcyclohexene Catalyzed by Co(ll) Callx[4]pyrrole

(68) and Co(ll) Benzimidazole (72)

To extend the scope of the epoxidation of alkenes catalyzed by Co(Il)
complexes, various alkenes included cyclohexene, 1-dodecene and 1-methyl

cyclohexene were investigated for comparison. The results are presented in Fig 2.14.
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% epoxide

80 1
60 cyclohexene oxide cat (68)
cyclohexene oxide cat (72)
——
1-dodecene oxide cat (68)
401 1-dodecene oxide cat (72)
—*— methyl cyclohexene oxide cat (68)
20 A / methyl cyclohexene oxide cat (72)
0 .
0 1
Figure 2.14 Comparativg ' SSscaxidation of cyclohexene, 1-

From Fig 2.14, / \ hethylcyclohexene was found

Wl ¢, respectively. This could be

explained that 1-methylc, 0P wmulituted alkene possessed higher
electron density than other su s > his observation also implied that the
active site of catgJt 4 aafiiter. The half-life of the

_ Y] hylcyclohexene catalyzed
d t(II\‘ I

epoxidation reactio 2§
by cobalt(Il) calix[{[foyrroic™q benzimidazole (72) were
approximately 3, >7 and@ h.

ﬂﬂﬂ’&ﬂﬂﬂ?ﬂﬂl’lﬂ‘i

2.8.6.3 Epoxid&don of Selected Terminal AIkenes Catalyed by Co(ll)

TR THIAITEAL. .. ...

epoxidation using Co(Il) calix[4]pyrrole (68) and Co(II) benzimidazole (72) as
catalyst. The results are presented in Table 2.14.
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Table 2.14 Epoxidation of terminal alkenes catalyzed by Co(Il) calix[4]pyrrole (68)
and Co(II) benzimidazole (72)

Entry Substrate Catalyst % Epoxide
1 \@/15\ Co(ll) calix[4]pyrrole (68) 41
2 Co(ll) calix[4]pyrrole (68) 74

v/
3 Co(ll) benzimidazole (72) 80
4 ~o(Il) calix[4]pyrrole (68) 32

\6%/5\ imidazole (72) 30
5 , enzimidazole

I é
d—

6 | PYTOlE (68) 59
7 oS 4 iidazole (72) 61
8 35
9 40

10 NR

11 NR

12 can<[4]pyrrole (68) NR

13 anzimidazole (72) NR

reaction conditi\ éthylbutyraldehyde

)

lli ¥
The results of thqaegxidation of te@nal alkenes are presented in Table 2.14.

The first grouﬂflu]%] Wﬁ%ﬁw an'(.)I:ﬁ%ne 1-dodecene and 1-

octene were ch@en. The desired epgxides were obtained in better yield from 41% to

91% fi tlﬂﬁﬁlﬁkﬂlimg(ﬁﬂ‘ﬁmﬁ ries 1-5). This
result indicated that'thé reactivity’ was directly dépendefit upon the Steric hindrance

[118]. The second group consisted of aromatic terminal alkenes such as a-methyl-
styrene, allylbenzene, 4-methoxyallylbenzene and allylphenyl ether. The moderate
yield of a-methylstyrene oxide and allylbenzene oxide was obtained when a-methyl-
styrene and allylbenzene was used as a substrate respectively (entries 6-9). In
addition, 4-Methoxyallylbenzene and allylphenyl ether could not convert to their
epoxide (entries 10-13). The main reason for less activation was depended on the

steric hindrance of the substrate.



67

2.8.7 Applications of the Developed Epoxidation Reaction to Natural Products

Six natural products namely a-pinene, B-pinene, eugenol methyl ether, nopol,
citronellol and citronellal were selected as a model for catalytic epoxidation using
Co(II) calix[4]pyrrole (68) and Co(II) benzimidazole (72). The results are presented in
Table 2.15.

Table 2.15 Epoxidation of natural products catalyzed by Co(Il) calix[4]pyrrole (68)

Entry % Epoxide
1 yrrole (68) 74
2 zole (72) 77
3 Wirole (68) NR
4 hzole (72) NR
5 ' L d ‘ 'A \/rrole (68) trace
6 e | : A ZL 1 Midazole (72) trace
7 7] céIiX[4]pyrroIe (68) 68
8 > i o (72) 55
9 4 \ Jle (68) 83

10 Co(II) benzim=*izole (72) 61

= AU uningany -

Co(ll) ben2|m|dazole (72)

reﬂ"W’”I“ﬂ\%ﬂnﬁ mmmmmmw

The attempt to use both Co(Il) calix[4]pyrrole (68) and Co(II) benzimidazole

(72) for the epoxidation of natural products was conducted. a-Pinene was found to
smoothly transform to a-pinene oxide as a major product in good yield 74% and 77%
(entries 1, 2), respectively. No other rearranged product was observed. Nonetheless,
the epoxidation of B-pinene and eugenol methyl ether catalyzed by these two cobalt

complexes was not successful under this particular conditions (entries 3-6). This was
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because, as discussed earlier, more substituted alkenes were more reactive than less
substituted alkenes towards this reaction. Nopol oxide was obtained in moderate yield
68% and 55% (entries 7, 8). In addition, citronellol could convert to citronellol oxide
in high yield (entries 9, 10) whereas citronellal oxide was not occurred under the same
optimal conditions (entries 11, 12). It could be noted that under this particular
conditions, the aldehyde in citronellal was not oxidized to carboxylic acid because

only citronellal was observed in GC chromatogram.

2.8.8 Applications of the Deves #-n for One-Pot Synthesis

A one-pot synthegic } i‘fc the efficiency of a chemical
reaction whereby a reacta™ - chemical reactions in just one
reactor. This is much dez 'Voiding a lengthy separation
process and purificatior \ Wauld save time and resources
while increasing chemics,

Cyclohexene

Cyclohexene w. el to study one-pot synthesis
to halohydrin and azido: in fact be separated into two
steps. First, the epoxidati’ 0 _,: ' ;s Co(II) calix[4pyrrole (68) as a

catalyst for 8 h. The second ohile was attacked. The results are

=
presented in Table 7™ >

I
AUEINENINYINS
RN ITUUMING AT
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Table 2.16 One-pot synthesis of halohydrin and azido compound from cyclohexene

OH
Co(ll)calix[4]pyrrole o Nu
2-ethylbutyraldehyde solvent “/Nu

CH3CN:toluene

epoxide product
%Recovery
Entry Substrate Catalyst X Product MB
Reactant Epoxide
12 cyclohexene oxide CrCl3.6H,0 0 - 1002 100
22 cyclohexene oxide CrBr3.6H,0 0 - 1002 100

3b cyclohexene oxide 0 - 100° 100
4° cyclohexene 0 95¢ 98
5¢ cyclohexene 0 95°¢ 95
6¢ cyclohexene 64 32 106
7¢ cyclohexene " 20 80¢ 100
reaction condition:2substr~' _ \ RT 30 min
e | - "'\., 0.5 mL, reflux 6h
Csubstrat gfin: . AR 0% %Mol CH;CN:toluene 2:13 mL
2-eth 4 : - 3 ~., n O i, 6H,0 4 mmol, THF 5 mL, RT, 2h

L S ‘\. mriol, CH3;CN:toluene 2:13 mL,
b€ WaN; 7.5 mmol, CH3;CN:H,0 9:1 mL
reflux & nr
substrate
2-ethylb#yrz
CH3CN:H,(.

> mmol, CH3;CN:toluene 2:13 mL
®NaN3 7.5 mmol, BuyNBr 10% of NaN3

From Table™}. 14 a0 with CrCli.6H,0, and
CrBr;.6H,O resultil‘ ;f .i:‘ ellent yield (entries 1, 2).
When NaN; was usef[Jis a lucre TS red | )duct was also obtained in
excellent yield (entry 3)¢ ”J&e attempt to pajorm one pot reaction directly from the

parent alkene ﬂ %ﬂﬂp%ﬂ\% ﬁ% H’}ﬂ ‘r§ was first treated with

Co(Il) calix[4]frrole (68). When cyclohexene oxide was completely occurred, a

nucle IF' ? ﬁ m m@: CL.6H,0O and
CrBr3.6 were used as 1lic sourc orlde ca attacked to the

epoxide ring providing trans-chlorocyclohexanol and trans-bromocyclohexanol in the
excellent yield (entries 4, 5). In addition, when NaN; was used as nucleophile, trans-
2-azidocyclohexanol was obtained in low yield (entry 6). This was mainly because
NaN; was not dissolved in this media. In the presence of tetrabutylammonium
bromide (BusNBr) as a phase transfer catalyst, the azidocyclohexanol was obtained in

high vield (entry 7).
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1-Dodecene

1-Dodecene was used as another substrate for one-pot synthesis to halohydrin.
When 1-dodecene was completely converted to 1-dodecene oxide, the subsequent step
of ring opening was conducted by the addition of halogen source. This model is
interesting to study the regioselectivity of the system by observing what site of the
oxirane ring would be attacked either at more or less steric hindrance position. The

results are presented in Table 2.17.

Table 2.17 One-pot synthesis Quss

] . OH Nu
AN Colicalix4lpy. 28 $ - /MJ\ N ”MJ\
8 2-ethylbutyralda* : ‘ s 8 8
CH3CN:toluT™e Nu OH
N (85) (86)

Ty Product

Entry Substrate N prxide 85:86 MB
1 1-dodecene . 82 (4.76:1) 97

2 1-dodecene 87 (4.66:1) 92
Reaction condition: substre gs. a7 EY %8 05 mmol, CHsCN 15 mL, 2-ethyl-

rX3 6H,0 4 mmol, THF 5 mL, RT 2h

From Table 2.17, u: Eﬁ_}',"_l_gf conditions, 1-dodecene could be

converted to 1-doce= 4~Jrst step. The addition of
(7 =

CrCl3.6H,O or Cn_ - " a major product while

halohydrin 86 was & alned as a mnor one in thddatio of 4.76:1 and 4.66:1,

respectlvely (en ies 1, 28. &his result indic@€d that a nucleO%le favored to attack at

the less sec du AR NN
2.8.9 ?mrrﬂ %ﬂm%ﬁjﬂmorﬁ by Co(ll)

Oxygenation of various aldimines with tetrabutylammonium monoperoxysulfate
produced the corresponding E- or a mixture of E- and Z-oxaziridines with very high
yield and good to excellent selevtivities (75-100%) within 20 min to 10 h in CH3CN
at RT. The E/Z isomer ratio critically depends on the stereo-electronic nature of the
substituents in the oxaziridines, solvent, and the presence of Lewis acids and bases

[119].
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N-benziridine-tert-butylamine was selected as a chemical model for studying
the epoxidation of imine catalyzed by Co(Il) calix[4]pyrrole (68) and Co(II)

benzimidazole (72). The results are presented in Table 2.18.

Table 2.18 Epoxidation of N-benziridine-tert-butylamine catalyzed by Co(Il)
calix[4]pyrrole (68) and Co(II) benzimidazole (72)

Oret-_game O+

E-isomer

% yield

E
ntry Product M8
1 31 101
2 N, 34 106
reaction conditiGi: s ¥l wl, 2-ethylbutyraldehyde
The results pre N Te Y \ > W2 high efficiency and 100%

selectivity of this oxidat sten o ‘h.r

2-tert-butyl-3-phenyl-1,2-c# f:‘é{ﬂ;
aldimines with bulky tert-butzze= _;‘_ AT

h inziridine-tert-butylamine gave

t. %t is known that the oxidation of

2 nitrogen site (entries 1, 2) gave E-

oxaziridine isomer g e ifirmed by '"H-NMR, the
proton signal of ox™Z ’ ' pared with the previous

|
work [120]. -~ ~

AULINENINYINT
IR TN ININY
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o
/\
O-ff-
H
E-isomer
d N
- o
T T T T | T T T T T T T | T T T T | T
7.0 2 1.0
ppmif)
Figure 2.15 The TH-NI, \ wnyl-1,2-oxaziridine
2.8.10 Proposed Mechal, @ a8 [4]pyrrole (68) and Co (II)
Benzimidazole (72) ﬁ,.... =0 ion of Alkenes
For the mech 2y g ecfistic pathway to take place

similar to that addre y ,“-"d complex played two major
roles. First, it reacted vif 1 aldciij g ECyl ragifal (RC(0)"). The acyl radical
then reacted with d1oxyggn£ give an acylp&pxy radical (RC(0)O0"). The acylperoxy

radical acted ﬂ ucﬁr’a ?{]kﬂ‘é}ﬁw Eﬂqaﬂﬁwnh another aldehyde

molecule to giv@fhe peroxyacid, thereby generatmg another acyl radlcal Oxygenatlon of

1 P VY i 11T
were ;rau ed b re m atid at ﬁl ch then reacted

with the alkene in a fashion analogous to that observed previously for metal complex-

catalyzed reactions of peroxy acids with alkenes.
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O (@]
I I +
RCH RC: + H
Q O, Q
RC: ~. ., RC-0-O
(@] (@]

I I
RC-0-0" _RCHO _ pc-0-0H

M
RC-0O-OH

Scheme 2.4 Proposed m, # lix[4]pyrrole (68) and Co(II)

benzimidazole (7 idation of alkenes

(DX

2.9 Conclusion (7 - ';—
The purposes ! — Ch mr the catalytic capability of

thirteen synthesized CUalt complexes in cyclohexene cpox1dat10n It was observed
that certain ¢ ﬂﬁ %J nary catalytic results.
The study waﬂﬁ em ﬂnnn o‘ﬂﬂ;lﬂsjn From this research,
the epo ly tem of 1 mol%
M A BNA SR o

presence of 2-ethylbutyraldehyde 10 mmol using the mixture of CH3CN:toluene (2:13
mL) as solvent at RT for 24 h. The excellent yield of cyclohexene oxide was obtained.
Eventhough these two cobalt catalysts were previously synthesized and reported, the
use as catalysts for epoxidation of alkene has never been addressed. Therefore, this is

the first report on the utilization of these two complexes in catalytic aspects. In

addition, the optimum conditions for the epoxidation of alkenes catalyzed by cobalt
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complexes, solvent effect, stereoselectivity, regioselectivity and chemoselectivity
studies of these developed systems were thoroughly examined.

The results from the epoxidation reaction of o, P-unsaturated carbonyl
compound could point out that alkenes connecting with electron withdrawing group
such as cinnamaldehyde, ethyl cinnamate, 4-methoxyethyl cinnamate and anethole
were not applicable for epoxidation.

According to the stereoselectivity, regioselectivity and chemoselectivity
investigation, the epoxidation of Cis-stithgne catalyzed by Co(lI) calix[4]pyrrole (68)
and Co(Il) benzimidazole (728

¢ 4 of cis- and trans-stilbene oxides in
approximately 1:1 ratio. He —1C ep\}if trans-stilbene under the same
e | Kid{ﬁ

conditions obliged only in addition, the exo-norbornene

oxide was obtained as a 3 idation system. For cholesteryl
acetate and cholesteryl ! " S N 2d the possibility to epoxidize
at the P-face. Thése s ZRET A AN ‘u N\ 1n10rmat10n for mechanistic
interpretation. The hi#iv #£- P\ o h developed system could be
observed from the exr ' WR)-, (S)-limonenes, geraniol,

geranyl acetate and ethyl

The epoxidation of I — 3 oWl the attack at less steric site or
having electrophilic moiety in ;5:«1"’ 7 7 vhich would increase the reactivity.
Electron withdrawi;i¥ cx : y fijctron density and limited

its reactivity for oxy§ 28 A ‘
Halohydrin an |} zido"CoH MRCC marffjulated from alkenes by one-
pot synthesis. Under thefgudatlon systernjllkene could be converted to epoxide in

excellent ylel(ﬁ H H ’}ﬂnﬂnw ‘§dw ﬂl’qpﬂe‘%\ch as CI', Br and Ny’

could be addedlo the epoxide formed The halohydrm and a21do compounds were

| RIGINIU NN INYA Y



CHAPTER 11

INTERMOLECULAR COUPLING OF DIAMINES WITH AROMATIC
ALDEHYDES TO BENZIMIDAZOLES

The imidazole ni — oL — Ly important natural products,

3.1 Introduction

histidine and purines. T = Arthof s W’ 121] found in vitamin By, is
5,6-dimethyl-1-(a.-D-r ’
and benzimidazoles £
[122], a trichomor

'macuticals, the imidazoles
%Wy of a new antibacterial 87
- NSaintic  agents e.g. 2-(4-
thiazolylbenzimidazole i 4 L 20 \\ W\nbendazole (89b) has added
impetus to investigatiof ‘ =) |

™
¥
i\

87“ €88 = 89a, R
FWIANNIUNRINYTNE-™
3.2 Synt%esis of Benzimidazoles
3.2.1 From Reaction of o0-Arylene Diamine with Carbonyl-Containing
Compounds, Imidates and Miscellaneous Compounds
Benzimidazoles could be synthesized by the reaction between o-arylene
diamines and carboxylic acids or their derivatives. In general, Philips-type [124]
reactions, the heating of the diamine with carboxylic acid in HCI has been applied.
For aromatic acids, this method is difficult [125], also for polyphosphoric acid [126].
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3.2.2 From o-Nitroarylamines and o-Dinitroarenes

In order to develop benzimidazole syntheses, many methods have been studied
from o-nitroarylamine or o-dinitroarene within a single step. The formation of
benzimidazoles involved heating nitroarenealcohol mixtures in gas phase.

The reduction between ferrous oxalate [127] or trialkyl phosphate [128] and
N-alkyl- and N,N-dialkyl-o-nitroarylamines produces benzimidazoles. Recently, the
reactions of N,N-dialkyl-o-nitroarylamines yielding benzimidazoles and their 1-oxide

derivatives have been addressed [1291, The acid-catalyzed cyclization of N-(o-

nitroanilino)-substituted aliphagss ¢ 4 aminobenzimidazoles has also been
reported [130]. _ — . éi

A fair yield of iy Solelis =, the reactions under reflux
‘ ' le and benzotriazole N-oxide

formation [129] totallv gt (" s benzimidazole formation, but

es and -Nitrobenzenes
0-(N-acylamino O g/ Wi REand —nitrobenzenes could be
used as starting materials. gsu=== VOl of type 90 has been used in the
preparation of tricyclic derlva _ 7 ing with polyphosphoric acid which
g Wefps (90, R = Me; n=3) an
Y ther side the product of

involved skeletal reMNAs

one side and acet) V

gy i

benzimidazoles has be '.| obtai 8 - Il

iF |

AU ’WJEWI?WEJ’]ﬂ‘i

3.2.4 From N-Benzylidene-2-nitro- and 2-Azidoanilines

The conversion of 2-phenylbenzimidazoles (92a.b) from N-benzylidene-2-
nitroaniline derivatives (93a.b) has been done by reductive cyclization with triethyl
phosphite. The higher yield could be achieved by Weidenhagen aldehyde method
[131].
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/@vah (EtO)P, t-BuCgHs /@:N\>_Ph
R NO, reflux R N

92 93
a, H (47% vyield)
b Me (33%)

The formation [132] of 2-aryl and 2-hetarylbenzimidazoles has been done by
thermolysis of anils from o-azidoaniline (94). However, this procedure does not
provide high yield.

3.2.5 From Amidines 7. '

After the hyarox, v PR penzenesulfonyl chloride in
' ™ benzimidazoles has been
y je and Turner [133]. Yield of
) is generally used to synthesis

pyridine or triethyle
formed. These procedu
more than 60% has ber ;
derivatives with substituen gFins: :f-f = 'ty of derivatives benzimidazoles
has been synthesized from _,},f:' 9 ines 96b by oxidation with sodium
hypochlorite under | _:' Ioped by Grenda, et al. it
is more directly t V——‘i“ >thod was applied in the

synthesis of a triazole {{}rivaiv mazopyifine (98).

ﬂumngﬁwmm
che mmmmrmau

1 = H; R? = 4-thiazolyl, Ph, Et; R®=ClI

NN (j:N\ N§|
e Y

97 98
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3.2.6 From Quinone Derivatives

The reactions of benzimidazole derivatives (99a,b) [134] with disulfonamides
(100a,b) start in the explosion to the sunlight of quinine dibenzenesulfonimides
(101a,b); respectively. These reactions mechanism are believed to be the conversion

[135] of analog quinine derivatives (102) to benzoxazolines (103).

N=\ N:(} NHSO,Ph NSO,Ph
N-Me N R R
Me,N ﬁ R R

NHSO,Ph ,/’ NHSO,Ph NSO,Ph
99a C— ) 101

a, R = NMe,

b, R = 1-piperidyl

NMe

3.2.7 From Heterocyclic, ‘,_,- =
From Five-Membered R
A MTIA
The product¥tis L 7 L (fTivatives [136] are induced
on the position of tI§ 78 ‘ .‘i photolysis of imidazoles.
Therefore, with the atfifnce G wecnzimiiizole is formed in low yield,

so as the forming of 2- argqmbenzonltrlle

U amemingnng -
QW?ﬂﬂﬂimﬁJm’%’mﬂﬁlﬁﬂ
L O

(73-96% for
R = alkyl,
aralky, aryl

Cry = L,

R = Me (34%)
R = PhCH, (10%)
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Moriarty and Kliegman [137] reported the photolysis of 1,5-diphenyltetrazole
(104a) to produce 2-phenylbenzimidazole. The photolysis of tetrazoles has been
reported such as the formation of 2-phenoxybenzimidazole which used in the
photolysis of 5-phenoxy-1-phenyltetrazole (104b) in CH3CN, therefore compound
(105-108) were obtained [138] in the photolysis of the tetrazole (104b) using benzene

as a solvent.

/E N uviight O:N\>—© .
RN T (R=PhO N
Ph 3
104a, R = Ph 106 (22%)
b, R = PhO

1-methyl derivative have been

obtained respectively [139' 'b & P8 luced by the reaction between o-

phenylenediamine or N-mett ediamine with s-triazine at the

i A S
temperatures just c¥gr o fiterocycles such as other

benzazoles, inidazc{ 78 Y. However, the approach

has not been ensured.

¥

The reduction of@egzotriazine-l-o@l; (109) with zinc/acetic acid or platinum

oxide in ethanPJ:%JE} qm/ﬂlW%waq (ﬂoﬁmm.

R = Me,CHO, aryl

3.3 Scope of This Work
The aim of this research can be summarized as follows:
1. To study the parameters such as a ratio of aldehyde and diamine, and

solvent that influenced the formation of benzimidazole
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2. To apply the developed conditions for benzimidazole synthesis using
various aldehydes
3. To study the mechanism of benzimidazole synthesis

3.4 Experimental
3.4.1 Instruments and Equipment

Melting points were measured on Fisher-Johns melting point apparatus and are
uncorrected. Spectrometers: the Fonrieg transform-infrared spectra (FT-IR) were
eter. The *H and **C-NMR spectra
were performed in CDCl, : | thylsilane (TMS) as an internal

recorded on Nicolet Impact 41

reference on the Varian 1agITtic ﬁspectrometer model Mercury
plus 400 NMR spectrom<g ; SN2 MHz for 'H and 100.54 MHz

for 3C nuclei. The ch; ‘“\\.- comparison with residue
solvent protons. '

3.4.2 Chemicals

All solvents use, fied prior to use by standard

methodology except for tr e gel'Wrades. The reagents utilized for

synthesizing the ligands, metal &= alkenes were purchased from Fluka

bt/ S

chemical company (% Loyt further purification.
Y R i

3.4.3 General Procecl e

¥

3.4.3.1 Preparatjpp.of Benzimidazglgs

Aldehﬂ uﬁo’a\ﬁﬁa&’ ﬂo@ w Ej "Iaﬂn‘g'e (0.025 mol) in EtOH

or toluene (30 ). The reaction mléture was heated and stirred unt|I a solid occurred.

TPRRTRIN T A INYINY
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OH

Y = -CH2CH2CH2'

/: : S e -

' y - Q
ﬂummm@v Talie®
.Wlmﬁﬁﬁmmﬂ V1) 031

Hz, 1H), 7.47 (dd, J = 3.8 and 1.2 Hz, 1H), 7.37 (dd, J = 7.3 and 1.2 Hz, 1H), 7.29 (m,
2H), 7.23 (dd, J = 4.8 and 1.2 Hz, 1H), 7.13 (t, J = 4.2 Hz, 1H), 6.94 (t, J = 4.4 Hz,
1H), 6.86 (dd, J = 3.3 and 1.2 Hz. 1H) and 5.70 (s, 2H); “*C-NMR (CDCls) 8(ppm):
147.6, 143.0, 138.8, 135.7, 131.8, 129.0, 128.2, 127.2, 125.2, 123.3, 123.0, 119.9,
109.9 and 44.0.
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2-(thiophen-2-yl)-1H-benzo[d]imidazole  (111): 'H-NMR (DMSO-ds)
8(ppm): 12.93 (br s, -NH), 7.81 (d, J = 3.45, 1H), 7.69 (d, J = 4.91 Hz, 1H), 7.59 (d, J
= 6.64 Hz, 1H), 7.48 (d, J = 6.64 Hz, 1H) and 7.21 (m, 3H); *C-NMR (DMSO-dg)
8(ppm): 147.4, 144.0, 135.1, 134.1, 129.1, 128.7, 127.1, 123.0, 122.1, 118.9 and
111.5.

bis(2-thenylideneimine) N,N%1,2-ethylene (76): *H-NMR (CDCls) 8(ppm):
8.34 (s, 1H), 7.27 (d, J = 4.90 Hz, 1H), 7.25 (d, J = 3.57 Hz, 1H), 7.03 (t, J = 3.87 Hz,
1H) and 3.90 (s, 2H); C-NMR (GTA}  3(ppm): 156.0, 142.2, 130.5, 128.7, 127.3

2 '_z.e (112): 'H-NMR (CDCl;)

_ 1H), 7.05 (m, 1H), 3.65 (t, J
= 6.75 Hz, 2H) and 5 95 R 1R (CDClI3) 6(ppm): 154.5,
142.5,130.1, 128.6. 1 48 N

_ \ szo[d]imidazole (113): ‘H-
NMR (CDCls) 8(ppm): o - ML (t, J = 7.6 Hz, 1H), 7.40-7.16
(m, 5H), 7.16 (t, J =65+ e “\1F) and 6.31 (s, 2H); **C-NMR
(CDCls) 8(ppm): 157.3, &5 Al 18 N 25,9, 1425, 136.9, 124.6, 123.9,
123.7,123.1,122.3,120.9,12 ’:ﬁ !

2-(pyridin-2:yl)-Lgide A 7 A): 'H-NMR (DMSO-de) 5(ppm):
12.91 (s, 1H), 8.48 ;— 2 (m, 1H),721(d, =14
Hz, 2 H); *C-NMR '_'I = _/.‘148.6, 144.0, 135.0, 124.7,
123.3,122.0, 121.5, 1194and 112.6.

o BRERTET N
L I r1OF ) Y (AT

bis(salicylaldehyde) N,N’-1,2 phenylenediimine (77): 'H-NMR (CDCls)
8(ppm): 13.0 (s, 2H), 8.60 (s, 2H), 7.31 (m, 2H), 7.20 (m, 4H), 7.02 (d, J = 13.24 Hz,
2H) and 6.85 (t, J = 7.32 Hz); *C-NMR (CDCls) 8(ppm): 163.6, 161.3, 142.4, 133.3,
132.3,127.7, 119.6, 119.1, 118.9 and 117.5.

2-(furan-2-yl)-1-(furan-2-ylmethyl)-1H-benzo[d]imidazole (116): *H-NMR
(CDCl3) d(ppm): 7.69 (m, 1H), 7.56 (s, 1H), 7.42 (m, 1H), 7.24-7.14 (m, 4H), 6.52 (s,
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1H), 6.20 (d, J = 13Hz, 2H) and 5.56 (s, 2H); *C-NMR (CDCls) 8(ppm): 149.5,
145.2, 144.0, 142.6, 135.3, 123.3, 123.0, 119.6, 113.0, 112.0, 110.5, 110.0, 108.4 and
41.6.

2-(furan-2-yl)-1H-benzo[d]imidazole (117): ‘H-NMR (DMSO-ds) 8(ppm):
12.93 (s, -NH), 7.91 (s, 1H), 7.61 (s, 1H), 7.49 (s, 1H), 7.18 (d, J = 3.0 Hz, 3H) and
6.70 (M, 1H); *C-NMR (DMSO-ds) 5(ppm): 146.0, 145.0, 144.1, 134.7, 134.6, 123.1,
122.2,119.2,112.7, 111.7 and 110.9.

3-(1-(3-hydroxybenzyl)-ll—'P‘ ;
(DMSO-ds) 5(ppm): 9.81 (s, AN

-pldlimidazol-2-yl)phenol (118): 'H-NMR
v %.70 (d, J = 7.1 Hz, 1H), 7.37 (d, J
e = 7.2 and 5.7 Hz, 2H), 7.15 (s,
1H), 7.08 (m, 2H), 6.92.% =121 \— 7.9 Hz, 1H), 6.47 (d, J = 7.5
o NN 0-ds) 5(ppm): 158.1, 157.9,
119.9, 119.6, 117.3, 117.0,

4-(1-(4-hydroxyr # _ -yI)phenoI (119): 'H-NMR
(DMSO-ds) 5(ppm): 94 ’ Mad, 7= 6.9 and 1.4 Hz, 1H),
7.54 (d, J = 8.5 Hz, 2H) #.- . 2M1H), 7.18 (m, 2H), 6.88 (d, J =
8.5 Hz, 2H), 6.80 (d, J = gl I- =.4 Hz, 2H) and 5.39 (s, 2H); *C-
NMR (DMSO-d) 8(ppm): 1Ze2a) 43.1, 136.2, 131.0, 127.9, 127.5,
1225, 122.3, 121,242
V

fd

3.44 Study on thes Optlmlzed Conditions for

E:::ﬁﬂifﬁyﬁﬂmwmm

The couplmg of diamines a#fd aldehydesgqas carried outgas described above

emploo}firel V4] Fbdsadbv 173V BephE) s popyiene

diamine 3nd 1,2-phylenediamine.

‘ramolecular Coupling of

Effect of Types of Aldehydes

The coupling of diamines and aldehydes was carried as dercribed earlier
except for that 2-furaldehyde, pyrrole-2-carboxaldehyde, 2-hydroxybenzaldehyde, 3-
hydroxybenzaldehyde, 4-hydroxybenzaldehyde and pyridine-2-carboxaldehyde were

used.
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Effect of Solvents
Several solvents including DMF, CH3CN, THF, CH,Cl,, acetic acid and
DMSO were employed for the coupling of thiophen-2-carboxaldehyde and 1,2-

phenylenediamine in the coupling of diamines and aldehydes.

3.4.5 General isolation procedure
After the reaction was completed (followed by TLC), benzimidazole products

were purified by crystallization.

3.5  Results & Discussi /
3.5.1 Synthesis and Ci¥ ioF of =5
Schiff bases anc..

identities by comparisc 4 [ L’"‘x‘” pectroscopic data with those

e and Benzimidazoles

Sseathesized and confirmed their

reported in literature |

3.5.2 Optimized Conr
Aldehydes
Various parameters

Wyoling of Diamines and

1 10 find the optimized conditions

' i
for the synthesis of benzimid &

#oe of diamine, type of aldehyde and

solvent. Thiophen-2-carbgxg

Effect of Didds

A variety of d< nines have peeri investigated ir&de coupling of diamines and

hemical model.

4

aldehydes The Ffsults of £ utilization ofWarious diamines are presented in Table

UEINBNINEINT

amm;@mummmaﬂ
C—< @ m

/N /TN
—N N=— — =

112
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Table 3.1 Effect of types of amines, ratio of aldehyde to amine, solvent on the

coupling of diamines and aldehydes

@\ + diamine —— products

s~ "CHO
Entry Diamine aldeﬁyagg):doifamine Solvent Product  %Yield
1 . 2:1 EtOH 76 78
H,oN NH,
2 52
3 83
H,N
4 68
5 86, 3
6 5, 80
7 trace, 78
8 " 111  trace, 74
Two different pr eTs N the reaction of thiophen-2-

carboxaldehyde and divers this, the reaction of thiophen-2-

I 77T .
carboxaldehyde with either e r 1,3-propylenediamine yielded the

- - —_— F r:’ 9 ]
corresponding Schiff base 270 v

gcmall\attained from the coupling
reaction between ; = L-4) [98]. The reaction of
thiophen-2-carboxalaeg/Ge armie  however vyielded an

unexpected product (e. ntrles 5-8). This was observed from the *H-NMR spectrum of
the final prod cted at 6y 5.70 while
that of Schiff ﬂ wﬂm ﬂmmnmpomt of view, it could
be exp ﬁ(v) ﬁf ed because of
high aa‘wﬁﬁﬁaﬂ ﬁm ﬁﬁ}j\ nﬂ?‘i EI rectly affected

on the structure of product. With a ratio of aldehyde:diamine of 2:1 in EtOH, N-
substituted cyclic product 72 was detected (entry 5), whereas with the ratio of 2:1
performing in toluene and the ratio of 1:1 in EtOH and toluene (entries 6-8) provided
free N-substituted cyclic product 111. Theoretically, the rate of imine formation in
polar protic medium as alcohol was faster compared to non-polar solvent as

toluene.[98] With 2:1 ratio of aldehyde:diamine in a polar protic solvent, two groups
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of imine were therefore completely formed with faster rate and provided N-substituted
cyclic product 72.

The Effect of Types of Aldehydes

From the experimental conditions described above, several aldehydes were
chosen to study the coupling reaction of 1,2-phenylenediamine with various
aldehydes. The results are presented in Table 3.2.

Table 3.2 The coupling of 1,2-phenylgrediamine with various aldehydes

—N N:\
Ar/_ Ar

"% Product

trace

48 (117)

33 (115)
28 (115)
80 (77)

75 (77)

Uro EtOH 92 (118)=

g ANENIREIN

[e0]

A

@m@f NSUNNINYYNEY
11 @ EtOH 19 (113) trace

12 N" "CHO toluene trace 34 (114)

The structures of aldehydes markedly affected on the formation of different
types of product occurred via intramolecular cyclization. For instance, a mixture of

products was attained using furfural-2-carboxaldehyde condensed with phenylene-
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diamine (entries 1-2). In addition, when pyrrole-2-carboxaldehyde and salicyaldehyde
were used as starting material, a symmetrical Schiff base was formed. This could be
explained that the hydroxyl group of salicyaldehyde and NH- group of pyrrole-2-
carboxaldehyde could coordinate to the nitrogen atom of 1,2-phenylenediamine thus
rendered the formation of a cyclic compound (entries 3-6). When 3- and 4-hydroxy
benzaldehydes were used instead of salicyladehyde, benzimidazoles 118 and 119
were obtained in high yield. This was because the distance between the hydroxyl

group and nitrogen atom is too far (eqfriqs 7-10). Schiff base products were occurred

when condensed with ethylene 4 oyridine-2-carboxaldehyde could be
converted to benzimidazols ""-;-"f.';'_"_j-- 1118 / ydrogen bonding could not be
formed occurred (entries™ '

The Effect of Se,
From the experi-#f el \ » several solvents were
chosen to study the c#®p! 4 & Fan'e - W The results are presented in
Table 3.3, '] |

Table 3.3 The effect of s, @9 thiophen-2-carboxaldehyde and
1,2- phenylenedlaml"

x
e —————————— -

/ V A J)roducts
S

G

¥

% Product

“?M’WSW& 3

ammﬁ‘m{{:{mwéwa"ﬂ

The effect of solvents on the product formation was also investigated as

presented in Table 3.3. Thiophen-2-carboxaldehyde was used to condense with
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phenylenediamine. Benzimidazole was obtained in moderate yield and all solvents
provided only N-substituted cyclic product 111 is a major product. (entries 1-6).

3.5.3 Mechanistic study on the formation of Benzimidazoles

The mechanistic study upon the formation of benzimidazole was conducted by
two different experiments: *H-NMR spectroscopy and by protecting an amino group
by Boc-anhydride. The results are presented in Figure 3.1 and Scheme 3.1.

24 hr

6 hr

4 hr

60 min

5 min

0.0

thiophen-2- carmxaldehyde and.1}2 phenylenediamine

ﬂﬂEJ’JVIElVITWEl’Iﬂ‘i
ammmmum'mmaﬂ
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NH,

O s O Jk
NH, CH,Cl, H o
2eq thiophen-2-carboxaldehyde
ethanol
SO
e
H TFA N
O:N s CH,Cl,
ey
H
Scheme 3.1 The counk z, - -carboxaldehyde and 1,2-
phenylen- " e BN 0N anhydride
From Figure : was believed to take place

via imine and then ¢ ction followed by *H-NMR

revealed that at 30 min t' : /S detected at 6 8.3, while at 4 h
this proton signal was sign a nes e.r proton signal corresponding to
the cyclization product could .z ize at oy 5.70. This could be clearly
draw a conclusion (r2gh - i in the first step and then
cyclization product %48 ¥

o ———tceLNg , up, the amino group in
phenylenediamine was grgigcted by di-tegbutyldicarbonate (BOC anhydrlde) and

o stoves 3 1421 ABTVFRBIAN Gor v i v

completed, the %’oton signal of |mlpe was appeared Later, once the crude product

" RWTNITI MINTEINEA Y

3.54 Proposed Mechanism for Benzimidazoles Synthesis

The other allloach

During the examination of benzimidazole synthesis, the signals of methylene
protons at oy 5.70 was detected. This clearly indicated that the mechanism should

occur via an imine pathway. The results are displayed in Scheme 3.2.
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O
S " NH, EtOH Q Isomerization Ny N=
+ —_— =N N= . \/
NH, — — d
— /
S S~ S
=

o

Scheme 3.2 Proposed ! \ thesis
Furthermore, the #fc i > ‘ ¥ \4on was also proposed. When
EtOH was used as solve gf '*' = ; ¥ hyde was condensed with 1,2-

phenylenediamine to form diin e was possibly arranged to form the
structure as shown™§ 4 i {0457 atom of another imine
attacked to the car ;« ‘ l embered ring of iminium
salt. Next, an iminiur{ifalt was *owed tffjproton abstraction to obtain

aromatic cyclic compouqd When toluene vyas used as solvent monoimine was found

o '”te’meﬂFWE‘WWE’W‘WWTﬁ@
<o I AN ..

manipulate Schiff base or benzimidazole. When aliphatic diamine was used, Schiff
base was attained in high yield, while using 1,2-phenylenediamine the intramolecular
cyclization to benzimidazole was preferentially taken place. In addition, in the case of
benzimidazole, two products were formed. Mono-N-substituent product was observed
when toluene was used as solvent, while di-N-substituent product was obtained when

EtOH was used as solvent.
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Figure 3.2 The 'H-N#R h N"Wohen-2-ylmethyl)-1H benzo-
h il Py
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Figure 3.3 The *C-NMR of 2-(thiophen-2-yl)-1-(thiophen-2-ylmethyl)-1H-benzo-
[d]imidazole (72)




92

L | H
:—4.[
_—5.[
% :—6.[
- _—?.[
_—8.[
_—9.[
:nmﬁh[ﬂ
7 I
npm (i) &
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Figure 3.5 The COSY of 2-(thiophen-2-yl)-1-(thiophen-2-ylmethyl)-1H-benzo-
[d]imidazole (72)
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Figure 3.7 The *C-NMR of 2-(thiophen-2-yl)-1H-benzo[d]imidazole (111)
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Figure 3.9 The *C-NMR of bis(2-thenylideneimine) N,N ~1,2-ethylene (76)
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Figure 3.11 The **C-NMR of bis(2-thenylideneimine) N,N ~1,3-propylene (112)
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Figure 3.12 The 'H L ridin-2-ylmethyl)-1H-benzo-
h ol
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Figure 3.13 The C-NMR of 2-(pyridin-2-yl)-1-(pyridin-2-ylmethyl)-1H-benzo-
[d]imidazole (113)
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Figure 3.15 The *C-NMR of 2-(pyridin-2-yl)-1H-benzo[d]imidazole (114)
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Figure 3.17 The C-NMR of bis(pyrrole-2-carboxaldehyde) N,N’-1,2 phenylene-
diimine (115)
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Figure 3.19 The *C-NMR of bis(salicylaldehyde) N,N’-1,2 phenylenediimine (77)
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Figure 3.21 The *C-NMR of 2-(furan-2-yl)-1-(furan-2-ylmethyl)-1H-benzo-
[d]imidazole (116)
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Figure 3.23 The **C-NMR of 2-(furan-2-yl)-1H-benzo[d]imidazole (117)
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Figure 3.25 The 2C-NMR of 3-(1-(3-hydroxybenzyl)-1H-benzo[d]imidazol-2-
yl)phenol (118)
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Figure 3.27 The 'C-NMR of 4-(1-(4-hydroxybenzyl)-1H-benzo[d]imidazol-2-
yl)phenol (119)



CHAPTER IV

CONCLUSION

s, The first part involves the epoxidation of

# 5ow  cobalt(Il) complexes, namely
é-methoxyphenyl) tetramethyl-
= [) calix[4]pyrrole (68) and 2-
. ‘ :dazole cobalt(Il) complex:

This research divides into twog §

unfunctionalized alkenes cgts

Dilithium-tetrakis(tetrahye

calix[4]pyrrole tetraanic= _
(thiophen-2-yl)-1-(thio
Co(Il) benzimidazole ns with the intermolecular

coupling of diamines w1

Midazoles.

4.1 The Epoxidation ¢ 1) Complexes
The main aim of,
epoxidation of alkenes cat i*@

was applied to the epoxidatiozZiay i< /] es. The epoxidation of cyclohexene

Whe optimum conditions for the

lexes. This new catalytic system

catalyzed by Co(Il)| 24 Ad)zole (72) with oxygen in

the presence of ald v £ luene could be fruitfully
carried out at RT wit] .! ligh seleCuivicy ror uie productdld of cyclohexene oxide. The
optimum conditions disflgsed were alkemgs5 mmol as a substrate, a mixture of

cinen ana 0434 D INIEI WS IR G 68 or ot

benzimidazole &IZ) 0.05 mmol as agatalyst and 10 mmol of 2-ethy butyraldehyde in

rRRIINFUHNN TN EJ
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4.2 The Intermolecular , | \ woith Aromatic Aldehydes to
Benzimidazoles . | '
The goal of tnis 2284 'rcn for the best conditions to
synthesize Schiff b | . - could be prepared using
aliphatic diamine conc 'hereas benzimidazoles were
derived from aromatic d ] o A& de in EtOH or toluene. When
toluene was used as solvigh , —= rcill cyclization was observed while
employing EtOH, di-N- substltu as obtained.
4.3 Proposal for t é»——';‘
This research (| corn S S0y dyl¥lopment for the epoxidation
of alkenes catalyzed colal &I) complexes. .]Jle outcome opens many possibilities to

deal with fuuﬁ %ﬁﬁg ﬂ Hr%ﬁ W ﬂ’}ﬂ % Ipyrrole has never

been utilized a$th catalyst in orgamf transformatlon therefore the variation of metal

from ?mﬁ ay;) (ﬂ(ﬂleﬂu ing results in
terms ofgproduc d nd’se he a:Jllc tion' Of these™C gilc systems for

asymmetric synthesis is another challenge field of study to be concentrated. This
present examination is a profitable example for the epoxidation methodology in
crucial chemical reaction nowadays, and may be the one of valuable chemical

literature data in the near future.
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