CHAPTER III

RESULTS AND DISCUSSION

This research concentrait %‘M lopment of a new system for the
epoxidation of alkenes. Q@m wase ed as a substrate for reaction

substrates including " cy 10! ) ) double bonds such as
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3.1 Effect of cobalt calﬁjx‘g]pyrrole comp&f}, CoCl, and Co(acac); on reactivity

of cyclo ‘ tﬂE‘I w EJ ’1 ﬂ §

The epogaﬂlﬁﬁmctloﬁali?elgkenes catalyzed by metal complexes is
emergi eful s ti ‘ifj) ion. Fot-utilizi 'Mityofmetal
complﬁsﬁ jﬁﬂﬁyﬁx 4ﬁl‘$ﬁ :jniﬁ :E[?Iﬁ Efbe effective

catalysts for many reported epoxidations of alkenes.“Although there have been some

literature for the epo o

-

investigations on the use of Co(salen) complex for catalytic epoxidation of alkene,
there is no report on the utilizing of cobalt calix[4]pyrrole as a catalyst. In this study,
the effort focused on screening of dilithium-tetrakis(tetrahydrofuran)-oc,'ﬁ ,Y50-

oétaethyl-calix[4]pyrrole cobalt(II) complex 14 for its catalytic activity compared
with  CoCl, and Co(acac),. Under this particular condition, the
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epoxidation of cyclohexene provided cyclohexene oxide (25) as a major product,
while cyclohexenone (26) being a minor and cyclohexenol could not be detected. The

outcomes are presented in Table 3.1 and Fig. 3.1.

Table 3.1 The effect of dilithium-tetrakis(tetrahydrofuran)-a.,p,y,8-octaethyl-
calix[4]pyrrole cobalt(Il) complex 14, CoCl, and Co(acac); on

cyclohexene epoxidation

Entry Catalyst ‘ ':ﬂ f Total yields

5 ;? (%)

4
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1 none

Reaction conditionsé cy _ v, \ ,\"’ 0.05 mmol), acetonitrile
(36 mL) and 2-ethylbutyralds )ﬁ (10¥mr 3 ceaction time (24 hrs) under O,
atmosphere ' P dor :

' el
25 : cyclohexene oxide, 268 cyclohexenc
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Fig. 3.1 The effect/of dilitl L -%l}: «"r (tetrahydrofuran)-a.,B,y,d-octaethyl-
calix[4]pyurole oba}ﬁ?l}‘ m lex 4, CoCl, and Co(acac), on
cyclohexene epoxidaiion - ==
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The observatiofis ] 3.3/1 provided an interesting

result. In the absence.of he ‘ e oxide was detected.

—
- Among cobalt calix[4 ole compl amined, co@t calix[4]pyrrole 14 was
found to be the most efﬁqieg.catalyst providing a good productivity of cyclohexene

oxide with su;ﬂ YeleSliy)aid| vk fdod)yiehd ofriphréd] With the case without

catalyst. The ep@xidation of this subétrate greatly depended on a type of cobalt
cataly yclohexene
oxide a: mﬂ)ﬂoj‘mg mn ﬂ:rﬁ ﬂller extents
(entries 3 and 4).

In this research, cobalt calix[4]pyrrole complex was selected to use as a catalyst

for cyclohexene epoxidation. The usage of calix[4]pyrrole ligands to form a variety of

Co complexes was examined and tested for its catalytic capability.
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3.2 Study on the optimum conditions for the epoxidation of cyclohexene

Stemmed from the preliminary results mentioned in 3.1, various diverse
factors needed to be assayed to optimize the epoxidation reaction were explored.
Cyclohexene was chosen as the first substrate model. Variable parameters studied
included type of calix[4]pyrrole complexes, the amount of 2-ethylbutyraldehyde, solvents
and type of oxidants.

yrrole complexes

3.2.1 Effect of ligands of cobalt

Since there has been no e use of this class of catalyst for
alkene epoxidation, a sea ier rdinating to cobalt that could
catalyze the reaction to t ) ' | ene into, the corresponding cyclohexene
oxide selectively was s . .v 1 ! Npyrrole complexes 13-18 were

investigated and the findi

R! _ = 4-methoxyphenyl
é » hir;,_‘ IR} = CeHs
(THF),Li “5 = mkHs
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Table 3.2 The epoxidation of cyclohexene catalyzed by various cobalt

calix[4]pyrrole complexes

Entry Catalyst Product (%) Total yields
25 26 (%)

1 13 44 0 44

2 14 57 trace 58

3 15 74 ) race 75

4 16 E\S\\WW: 85

5 17 60 E _ 60

6 18 5, . 16
Reaction conditions : e 5 mmol), cobalt ealix[4]pyrrole (0.05
mmol), acetonitrile (36 i )-ethy \\\\\‘ (10 mmol)
reaction time (24 hrs) undér Qf afriosphere | \ '

25 : cyclohexene oxide, 2§

32

30

13 14 15 16 17 18
Cobalt calix|[4]pyrrole

Fig. 3.2 The effect of various cobalt calix[4]pyrroles on cyclohexene epoxidation
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From Table 3.2 and Fig. 3.2, it could be noticed that most of cobalt
calix[4]pyrrole complexes could catalyze the cyclohexene epoxidation smoothly
leading to the desired product cyclohexene oxide with a small amount of
cyclohexenone. None of cyclohexenol was detected. The complexes bearing electron-
donating substituent like methyl, ethyl group, 13 and 14 provided the lower yield than
those containing more powerful electron-releasing substituent (complexes 15 and 16).
It could also be observed that highly steric-hindrance and electronic effects of phenyl
ring substituents, complexes 17, 18, i ced the yield of the desired products. The

W f cyclohexene oxide (entry 6). In

very sterically complex 18 gave ¢
addition, it could also be o f cyclohexene in this reaction
was markedly dependent o oty ting-li around the metal to achieve a
high yield of oxygenate ' oceurri [a S 7mxo Co/O; intermediate to
transfer oxygen to substrate. ingithe arie ion. of ligands, p-methoxyphenyl
group was found to be a ifu 7 1 at co g%th e activation process of the
catalyst. In all c , (electy sing  substituents, dilithium-

tetrakis(tetrahydrofu phenyl)-tetramethyl-

calix[4]pyrrole cobalt(II ex 46, howed i parable catalytic efficiency

According to the results W aboye, eobalt calix[4]pyrrole complexes 15

and 16 were selected}g use as a catafgfst fZ)r m jatlon

3.2.2 Effect of soh@t{ l
From the expergnental conditions d&}cnbed above, acetonitrile was used as

a homogeneo ﬁﬂ ﬂ %luate the catalytlc
potentials of ﬁﬁ) calliz]pyrro e comp WS in these media and to observe
whethe ep, solvents in
L AL ek ets
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Table 3.3 The effect of solvents on cyclohexene epoxidation

Entry Solvent Products (%) Total yields

25 26 (%)

1 tetrahydrofuran 0 0 0

2 N, N-dimethylformamide 9 0 9

3 acetonitrile 75 trace 75

o toluene T trace 62

5 dichloromethane 0

6 pyridine K ) 0

7 1,2-dichlorggthan Tt 56

(0.05.:mmol),solvent (30
(24 hrs) under O,

AN

Reaction conditions :
mL) and 2-ethylbutyrald
atmosphere

25 : cyclohexene oxide, 26

>
=2
)

1,2
dichloroethane-. &

acetonit
dichloromethane

Solvents

Fig. 3.3 The effect of solvents on cyclohexene epoxidation
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Among several diverse solvents studied, acetonitrile was the first solvent
chosen as a reaction medium because it could dissolve both cobalt calix[4]pyrrole
catalyst and a substrate. The yields of the desired products were higher than
employing a relatively nonpolar solvent such as toluene. From the literature, it was
found that acetonitrile had the highest value of the dielectric constant among all
solvents examined.” Comparison with acetonitrile, both the polarity and dielectric

constant of toluene were much lower. However, toluene also served as a suitable

solvent because it provided in pretty centage yield of the desired product. In
the case of employing tetrahy ane and pyridine, the epoxidation
reaction did not take pla servat1 ase of pyridine as a solvent

—*

) of the system which will be
S, e polarity and the dielectric

lose correlation effect on this epoxidation

offered an informative clu
discussed later. From th
constant of the solvent

reaction.

In order to gain th ﬁhﬁtﬁ‘yié' of'the desired products, the variation of

“Jﬂ]"‘

of acetonitrile in cyclohexene ep'éx:d‘aho ------- 2 talyst 16 are presented in Table 3.4
and Fig. 3.4. A
Table 3.4 The effeét of the amount of exene epoxidation
i :
Entry Acetonitajllem=II|I Producl':,}jIr (%) _. Total yields
] %
21N BV T WEINT
1 q 10 24 0 24
1 i N
N4 18
3 10T
4 30 64 0 64
5 36 85 trace 85
6 45 84 trace 84

Reaction conditions: cyclohexene (5 mmol), 16 (0.05 mmol), acetonitrile
(varied) and 2-ethylbutyraldehyde (10 mmol) reaction time (24 hrs) under O,

atmosphere, 25 : cyclohexene oxide, 26 : cyclohexenone
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Judging from the yielg of & desired ptod uct: (Table 3.4, all entries), it was

yclohexene epoxidation

observed that the use of aceto i -".....;;-: as the most appropriate amount of

solvent (entry 4). Using a afforded lower yield of the

desired product. In the case-ot-employins-solvent-30-and =
i

* ‘mL, total yields were
enhanced. The reason tition reactions between

th lﬁ:
ﬂe oxide and other side reactions that might concomitantly

take place. Usi uﬂ ﬁ ﬂﬂﬁ(ﬂ ﬂ[ﬂﬁhexene oxide was
preferentially FI ﬂ:u n epoxidation was
prevailed to take place over other sidé reactions. Hawever, the amout of the desired
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acetonitrile was the most befitting amount for the further investigation under this

that yielding cyclohex

particular condition.

3.2.4 Effect of the oxidants
The type of oxidant is another significant factor on the production of
cyclohexene oxide. The results of the variation of oxidants in cyclohexene

epoxidation using cobalt(Il) calix[4]pyrrole catalyst 16 was examined. Various
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oxidants besides 2-ethylbutyraldehyde/O, may affect this epoxidation reaction. The
effect of several oxidants on the epoxidation reaction is listed in Table 3.5.

Table 3.5 The effect of various oxidants on cyclohexene epoxidation

Entry Oxidant Products% Total yields
25 26 (%)
1 2-ethylbutyraldehyde 85 3 88
2 Hy0, 0 0
3 TBHP? 0 0
- 2-ethylbutyrz L‘_m__- 35
2 m-CPB2 % L trace 49

05 mmol), oxidant 10

“\«\‘ er O, atmosphere
”\\\\\\\ der O, atmospher:

llﬁ:- \\ antSmmolwasused

Reaction conditions : Ohé

mmol, acetonitrile (36 i

25 : cyclohexene oxide, 2
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Fig. 3.5 The effect of oxidants on cyclohexene epoxidation
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From Table 3.5 and Fig 3.5, H,0, and TBHP (entries 2 and 3) were found not
to be good oxidants under this particular condition. This result apparently presented
that 2-ethylbutyraldehyde/O, and m-CPBA were more efficient oxidant affecting the

epoxidation of cyclohexene. In addition, the results pointed out that
2-ethylbutyraldehyde still revealed a prevail result over m-CPBA under the same
reaction conditions (entries 4 and 5). In conclusion, 2-ethylbutyraldehyde coupled
with dioxygen was found to be the most efficient oxidant towards the transformation

of cyclohexene to cyclohexene oxide ), This reaction condition was therefore

3.2.5 Effect of the amountof2-cthy aldehyde on yclohexene epoxidation

The amount of thes®xidéni'is 2 crucial ‘parameter that needed to be

Table 3.6 The effect of the am of ; ' ldehyde on cyclohexene

epoxidation

Entry (%) T s % Efficiency based on
o 2 ethylbutyraldehyde
1
2
3

4 %0 3T | 0 A oA
e Y B 1 QS

(36 mL)jand 2-ethylbutyraldehyde (varied) reaction time (24 hrs) under O,
atmosphere

25 : cyclohexene oxide, 26 : cyclohexenone



39

90+
80-
70

% Total yields

Fig. 3.6 The effectie yde on cyclohexene

epoxidation

that in the absence of

2-ethylbutyraldehyde cycloheien’e'“’ e Under the standard

of the desired product (*able 3.6, entry d added, the less oxidized
products obtained. The

was generated a)ﬂglﬁ ﬂ%ﬂ lace competitively
with the main 0 oﬂzs e c ﬁas thylbutyraldehyde
was dropped dramatlcally as the incréasing of the @xidant over 10 mmol in entries 3

o <RYREI0NN Fl 3 G P18 AR Bl 0

amount of 2-ethylbutyraldehyde. It was reasonable to rationalize that the over

possible explanatlon may be because too much active species

oxidation of the product may also be taken place. This upshot obviously indicated that
the amount of oxidant had influence on the yield of product.”

Hence, the optimized conditions for cyclohexene epoxidation can be
summarized as: cyclohexene 5 mmol, complex 16 0.05 mmol, acetonitrile 36
mL and 2-ethylbutyraldehyde 10 mmol using the reaction time for 24 hr under O,
atmosphere.
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3.3 Application of the delveloped epoxidation reaction for other alkenes

Under the optimized conditions as discussed in section 3.2.5, cyclohexene was
transformed to cyclohexene oxide in a high yield with a superb selectivity. This
developed system was therefore attempted to test for a variety of alkenes. For
example, aliphatic alkenes such as 1-dodécene, trans-2-hexen-1-ol, aromatic
containing double bond such as styrene, a-methjlstyrene, monoterpenes containing

double bonds such as o-terpinene, y-terpinene, R-(+)-limonene and S-(-)-limonene,

1 two kinds of double bonds were used as

substrates. The epoxidation of selec d alke arized in Table 3.7.

%oxidation system

Product(s)
(%)

U

uﬁwanﬁ’m@? >

’ 26 a i - 19
N DM O 0 |-
q 0 0
4 _
\ 2

10 52
20 6 , 25
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Table 3.7 (cont)
Entry Substrate 2-Ethyl Product(s)
(5 mmol) butyraldehyde(mmol) (%)
0
5 | Sow 10 /\/<\/\OH
: 75
0
|
E\ E\
78
75
3.
@ I fo
CH3/\CH2 CHs/\CHz
R(+)-limonene | ,g{,{ e 93
H, ;!ﬁ‘l’ .H-.e"'
8
(T

CHy CH, f

Aabeb %Hﬂﬁw wnfm

CH3 CH3
o-terpinene

| qw NENYAIINE

CH3 CH3
p-cymene, 36
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Table 3.7 (cont)

Entry Substrate 2-Ethyl Product(s)
(5 mmol) butyraldehyde(mmol) (%)
- CH;, : CH,

CHy” ™CH, " , CHy”  “CH;,
by
y-terpinene \\“ I/ // 43

Reaction conditions : alke mg‘), )05 mmol), toluene (36 mL) and

2-ethylbutyraldehyde (v. O, atmosphere
a. acetonitrile using

b. using 15 as catalyst

Table 3.7 presen tcomes ! el xidation of alkenes under
developed epoxidatio . early showed that, cobalt
calix[4]pyrrole complexe ction to produce epoxides in

ood yields. In entries 2-10,folugné was en
good y ugne W

it could dissolve all selected. }jﬂl}@ws* in the case of cyclohexene,
acetonitrile was used instead of toluene (entr epoxidation of endocyclic
alkene such as cycl _ e n-eyclohexene oxide 85%
yield when 10 mmor"@' 2 butyra yde was addBl (entry 1). 1-Dodecene

chosen as an instance of aliphatic terminal jalkenes could also be converted to.

I1-dodecene oxﬂ %ﬂ ’a w H W%Wlﬁf’}ﬂfﬁodw about twice

of the amount &f 2-ethylbutyraldehyde required for cyclohexene were necessary

A T R T e

In the presence of aromatic moiety, styrene which consisted of terminal double

bond could also be epoxidized. Moderate yields of styrene oxide were obtained as the
predominant product with a little concurrence of benzaldehyde as a minor product
from cleaving of terminal double bond. When the amount of oxidant was increased,
the total amount of the desired product was increased. Similar results were observed

for the reactions of o-methylstyrene to yield a-methylstyrene oxide as a major
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product. Acetophenone was detected as a minor one (entry 4). Conversely, increasing
the amount of 2-ethylbutyraldehyde, the desired epoxidized product as o-methyl
stryrene oxide and styrene oxide gained were increased. Under the same
conditions, allylic alcohol such as trams-2-hexen—1-ol was converted to trans-
epoxy alcohol (trans-2-hexene oxide-1-ol) in good yield with the retention of the
geometry.

4-Vinylcyclohexene was further tested for regioselectivity. This substrate

contained both an internal and isolat ‘1?: al double bonds. From the examination
result, the double bond in the rgg f as preferentially oxidized over the
isolated double bond in th n vglch intact under these conditions.

In addition, 1,2-epoxy-4-vis I ct of this oxidation reaction
i atogra exane : chloroform; 7 : 3).
1 ed the

rtant signals at & (ppm) :

Kaneda and co-workers™ re rteﬁffﬁlthe

to provide 1,2-epoxide in 78 %‘yrgld i resence of RuO4 at 40 °C. The
" C{ be ac@ﬂ ﬁ Mg10AL(OH)24COs3, as

catalyst at 70 °C. 1,2:Epoxide was appeared in 80 % yield without the detection of

the oxidized product frjm exocyclic doub

mbinations of aldehyde and O,

heterogeneous systemjsmg H20219 coul

bond. The@two mentioned reactions
were carried out at a hlglb‘te&perature and uBszg an expensive catalyst. In contrast

to the epoxxdaﬂl uﬁﬁ(}%ﬂéﬂ ﬁ %1@ "},ﬂ §§fmm this study, the

reaction procee@éd under mild condltlons and gave a high yleld of the desired

AP ANHAY. ...

were chosen as substrates for regioselectivity study. Concerning the obtained results,
diastereomers were gained from the internal cyclic alkene epoxidation of each
enantiomer (entries 7 and 8). These results should also be noted that the endocyclic
double bond could be epoxidized more facile than exocyclic double bond. The
explanation for this could be stemmed from the electron-rich trisubstituted double

bond which was more active than the other.
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Other terpenes were also selected as model substrates. These included
monocyclic six-membered ring system with unsaturation: o-terpinene and
y-terpinene. The aromatization appeared to be more prevail than other chemical
processes (entries 9 and 10). To illustrate this, o- and y-terpinene perferably
aromatized to p-cymene which was an aromatic compound in stead of being
epoxidized to their corresponding epoxides. This finding could be explained

according to the stability and the existence of aromatic compound.

3.3.1 Regioselectivity studé g @‘

For further study on'reg ectixity eveloped epoxidation reaction,

%ﬂively investigated using

the epoxidation of 4
Cobalt(IT)calix[4]pyrrolest

reaction conditions empleye cSults ima ble 3.8.

x
' - - N
Table 3.8 The epoxidai aylcyclo ) Ey selected reaction

condition

Entry Mass balance
) (%)
1 100
2 P 102
3 Cobalt (IT)calix[4]pyr 98
m-CPBA®

?Reaction co:éTi ns : s‘hﬁ Ewg ‘,j.()i]rﬁol), toluene 36 mL,
2-ethylbutyr hﬁ E. 1) reactio ( and O, atfosphere
®Reaction conyitions . substrate (Ssmmol), m-CP&Ab (5 mmol), toluene 36 mL,

i RBAFI N 1INE 1A E

‘Reaction conditions : substrate (5 mmol), catalyst 16 (0.05 mmol), toluene 36 mL,

m-CPBA (5 mmol), reaction time (24 hrs) atmosphere

From Table 3.8, 4-vinylcyclohexene was epoxidized under three different
conditions. When utilizing m-CPBA, 1,2-epoxy-4-vinylcyclohexane was gained as a
sole product in moderate yield (entries 2 and 3)."i‘he use of cobalt(Il) calix[4]pyrrole 16
coupled with m-CPBA also yielded the desired product with the same extent of using
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2-ethylbutyraldehyde / O, system. Thus, m-CPBA could be used as another choice of
oxidant instead of aldehyde/ O,. Nevertheless, the developed system still remained
good features since the amount of aldehyde could be increased without affecting the
reaction. The yield of the product could be increased when the higher amount of
aldehyde was employed (see section 3.3, entries 3-4). In contrast to m-CPBA, the
more m-CPBA used, the more by product, m-chlorobenzoic acid gained which made
the reaction sluggish. In addition, m-CPBA was more expensive than

2-ethylbutyraldehyde.

Furthermore, it has beei ‘ ed that the high electron density

b (e obalt(IV) intermediate which
e ————

would undergo epoxidati ly yi esponding epoxide.

position in double bond

3.4 Effect of the am ylbui -aldehyde e epoxidation of alkenes

The amount of 2- ‘ s O1iE 0 ‘\' essential parameters that
needed to be scrutini amount of 2-ethylbutyraldehyde
was carried out accordi g 'f € 'u eviously described, with the

different amount of 2-e nd 20 mmol). 1-Dodecene,

o-methylstyrene and styre pre.selected hemical models. The results are

exhibited in Table 3.9 and Fig.}mig F

——
-
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L
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Table 3.9 The effect of the amount of 2-ethylbutyraldehyde on various selected
alkenes

Substrate | Oxidant | Oxidized products (%) | Total yields Ratio

(mmol) : (%) epoxide/
' oxidized
products
AN
0 -
39 -
50 -
74 -
x

52 o
72 5.55
100 - 3.00

S

{
34 oc
NG | s»
. 87 3.58
J_ﬁ.-"h-.ﬂfﬁg- IKerie l:: o), T .i imel) ¥ hcetonitrile

(36 mI%) and 2-ethylbutyraldehyde (varied) reaction time (24 hrs) under O,

atmosphere
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[ 1-dodecene oxide [ alpha methylstyrene oxide

+ acetophenone
Ostyrene oxide + benzaldehyde

100+
90
80
70
60
50+

% Total yields

40-
30-
20-
10

It could clear )\ ,‘:-5:'—‘23"_"' th3 1-dodecene, a-methyl

fi

be tr: sp' ing desired products. In

styrene, and styrene CE
t there was no reactlon taken place. The higher amount of

the absence of the oxi
2-ethylbutyral were obtained.
Therefore, theﬁg ﬁ IYLE ?. Hnwijdjlﬂajgmﬁcam parameter
for this_sy or_in ﬁ thylstyrene
v A N D1 AL A S L AT

reaction could proceed almost completely. It should also be noted at this point that in

the case of increasing the amount of oxidant from 15 mmol to 20 mmol, the ratio of
epoxide/oxidized product was a bit altered from 5 to 3. The yield of the desired
products gained was higher. Thus, it was clearly seen that one way to lift up the yield
was to increase the amount of 2-ethylbutyraldehyde.
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3.5 Comparative Kinetic study of the epoxidation of cyclohexene and
1-dodecene
Various recent catalytic models that mimic enzymatic systems had an effort to
develop the reactions to be of a capability to proceed at RT. Nevertheless, the rates of
these reactions are generally slow and need to spend more time to complete the
reaction. In order to investigate the reactivity. of diverse alkenes, cyclohexene
(endocyclic alkene) and 1-dodecene (terminal monosubstituted alkene) were selected as
_epoxidation reaction. The rates of the
zed by cobalt(Il) calix[4]pyrrole

chemical probes to observe the r.

epoxidation of cyclohexene

complex 16 are presented i

Table 3.10 Kinetic st ene matalyzed by cobalt(II)

\

\

Entry | Time
(hrs)

\ otal yields
(%)

1

2 \

3 5 N

4 7 .;

5 ngl ¢ o84 teace | .54

s [PEd ST TaN B 1T

7 qli18 79 ¢ trace 78 Y
TR PN A VT TR §

9 24 87 trace 87

10 36 85 trace 85

Reaction conditions: cyclohexene (5 mmol), 16 (0.05 mmol),
acetonitrile (36 mL) and 2-ethylbutyraldehyde (10 mmol)

reaction time (24 hrs) under O, atmosphere
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100 -
90 - .
80 -
70 -

60 -
50 -
40 -
30
20

Cyclohexene oxide (%)

10

30 39 40

- i n
Cobalt(ll c: [%’M 16
uﬂ" e |
From the results obtame ﬁ? !J
product, cyclohexene “Was

with a trace of cyclohe

Fig. 3.8 Kineti€ stddyon cyeloht c ¢ \ i ion catalyzed by

s the productivity of the desired
ghe oxide in a high yield
:&’ ere taken as the most
favorable reaction time at which t : M €poxi n was occured and the

maximum Yyield was recekved about 87%. The half life of cyclohexene epoxidation

s appp”’““‘ﬁ”‘ll!ﬂﬂ ney ‘3 WEINTI
“ TR A

and toluene

Half-life of the reaction is an influential factor to reflect the kinetic
epoxidation. The kinetic study on the epoxidation of cyclohexene and 1-dodecene by
various solvents: acetonitrile and toluene was conducted at room temperature. The

outcomes are shown in Table 3.11 and Fig. 3.9.
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Table 3.11 Comparative kinetic study on the epoxidation of cyclohexene and

1-dodecene catalyzed by cobalt(IT) calix[4]pyrrole 16

Reaction conditionsgSubst

mL) and 2-ethylbutyra

atmosphere

‘9_) Products (%)

Entry | Time Product (%) in
7O
FONAOSINAONA NP
acetonitrile toluene acetonitrile toluene
1 1 2 1 4
2 5 30 x\ J{ / 9 15
3 10 54 m 14 21
4 15 "% ﬁ 25
5 24 / /A{ ‘%\\{\\ S0 36

) ‘\ (0.05 mmol), solvent (36
me (24 hrS) under O,

- ‘

N L

Time (hrs)

s

Fig. 3.9 Comparative kinetic study on the epoxidation of cyclohexene and
1-dodecene catalyzed by cobalt(IT) calix[4] pyrrole 16
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As seen from Fig 3.9, it was found that the rate of the reaction depended

greatly on the solvents. In the case of cyclohexene, the reaction conducted in
acetonitrile could afford smoothly faster than that in toluene. The half-life of the
reaction was increased from approximately 7 hrs in acetonitrile to 9 hrs in toluene and
the yields detected at 24 hrs were 90% and 74% respectively. Hence, an appropriate
solvent for cyclohexene in this system was acetonitrile. On the contrary, in the case of
1-dodecene, the better trend could be observed when using toluene as solvent. The

half-life of the reaction was decreased 0 hrs in acetonitrile to 8 hrs in toluene.

The yields observed at 24 hrs were 3 espectively. Hence, the following
examinations would be i @ cyclohexene and toluene for
e ———
1-dodecene. ""--...-.
Moreover, the o lbutyraldehyde (10 and 20
mmol) was investigated ia xidati o he results are tabulated in

%

4

Table 3.12 and Fig. 3.10.
oxidation atalyzed by cobalt(Il)

Table 3.12 Kinetic stud
calix[4]pyrrole€ompl

Entry Time

p—

W B W N

6 | ¥13 "y
[WTRNT RN A I VEF TR
8 21 33 71
9 24 36 74
10 36 39 77

Reaction conditions : 1-dodecene (5 mmol), 16 (0.05 mmol),
toluene (36 mL) and 2-ethylbutyraldehyde (10 or 20 mmol),

reaction time (24 hrs) under O, atmosphere
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® 1-dodecene oxide (using oxidant 10 mmol)

90 - A 1-dodecene oxide ( using oxidant 20 mmol)

80 -

1-Dodecene oxide( %)

1

40

Fig.3.10  Kinetic study g lpc -- Xi catalyzed by cobalt(I)

calix[4] py 16_.*? .J:jw

When using 20 ehyde, the desired product was

attained in a higher yield than using 10 mmol of oxidant." -j:- maximum yield was
LY > L)
received about 76 %. The ‘rzf;'.- was approximately 10

hours by using cobalt(IE) ‘E“ alix[4]pyn‘o e catalyst 16 in terms of employing oxidant 10

AULINENITNEING

3.6 Competltwe studies on the oxidation of cygohexene, cyclmpxane,

KR FR-RRPRER B

In‘%order to examine the characteristics of this developed catalytic system, the

or 20 mmol.

competitive studies on the oxidation of cyclohexene and saturated hydrocarbons such
as cyclohexane, and alcohol such as cyclohexanol were carried out. The competitive

studies on the oxidation between cyclohexene and other alkenes such as 1-dodecene,
a-methylstyrene and styrene were also performed. In most cases of the exploration

inquired, the alkene epoxidation was carried out under the condition using cobalt(Il)
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complex 16 as a catalyst, 2-ethylbutyraldehyde and oxygen as oxidant and toluene

as a reaction medium. The upshots of the results are shown in Table 3.13.

Table 3.13 Competitive studies of the reactivity for the oxidation of saturated

hydrocarbon and selected alkenes. |

Cyclohexene

A)

Other

substrates

(B)

(A

U

1A NIDANDA

el - y 0

AN 1

5 o
‘ol '

]
.. J

Products (mmol)

3.20 2.40 1.22

Relative
Reactivity
er oxidized products (B)/(A)
il
0.39
1.50 1.39
% A

Rection conditions : substrate 10 mmol each, 16 (0.05 mmol), toluene (36 mL)

2-ethylbutyraldehyde 20 mmol, reaction time (24 hrs) under O, atmosphere
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From Table 3.13, it was observed that the epoxidation of cyclohexene yielding

cyclohexene oxide took place faster than the oxidation of cyclohexanol and
cyclohexane, respectively. In both cases, allylic oxidation was not occurred.
Cyclohexane was not oxidized to either cyclohexanone or cyclohexanol. This
competition reaction explicitly showed that ‘alkene functional group was more
sensitive than the C-H bond of saturated hydrocarbon.

For the competitive studies between cyclohexene and 1-dodecene mentioned

above, cyclohexene could be epox1d1 ter than 1-dodecene. This was clearly
understandable because the epoxi Bq) alkene, generally, was difficult to
perform. This finding was at th cies of this reaction preferred

site and that it should possess the

interacting at more elicow
electrophilic in charactc/ /
Unlike the previ ~cfhylstyrene or styrene did
not produce only the co Sq\xlelded the minor products
(acetophenone and b eﬂid styrene respectively).

These products were ¢

Comparison to the termmﬁiph

2235 T

double bond such as j methylstyrene and’ Mg}_hdanon of cyclohexene

was still prevailed. T ‘presence of conjugat \d in both substrates might

be a good reason to ex laiﬁ' actioﬂ Considering the relative

reactivity which could cglculate from the r t10 of the desired products from the

competitive reﬂolueﬂatg Sﬂyﬁ} ﬁwgﬂﬁﬁﬁt gave the highest

value, 1.39. Thisjdata indicated that cifclo exene was easier to be epox1dlzed to the

kNl 1
o s o~ > OO0

HO

/\/\/\/\/\/> > O
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The information derived from competitive studies provided important clues
for chemoselectivity study. The observation implied that high valent oxo cobalt(IV) of
calix[4]pyrrole generated should be of selectivity for the oxidation of alkenes
prevailing the other function groups. This result was different from other systems
reported. For example, The oxidation utilizing by Shiff’base oxovanadium(IV)
complex, cyclohexenenone was produced as a major product while cyclohexene oxide
being minor.”” In the presence of VO(acac),-AIBN as a catalyst, the corresponding
epoxy alcohol was detected in high yiel‘.r, _

3.7  Effect of the radical i 1&1 the idation of alkene

Mechanistic studw .

of aldehyde and metal co cs'Wwas carried erally, the reaction proceeded

via radical pathway. To preve this. 2 ate inhibitor, pyridine was added

Entry | 2-ethylbutyrald : dined], Totall [} Mass balance
cyclohexene
(%) (%)

L~
1 - \ A = & 99
2 TORf e ;]]14 98
3 0 ¢ 0 100 100

Reaction coﬁt : alken . ), l) tonitrile (36 mL)
and 2- ethylbu@ﬂﬁf@ 10 mrgﬂazjﬁn%ﬁhﬂﬁer O, atmosphere

. ”ﬁ‘“ﬁﬁmﬁﬁmﬁﬂ’n NENa Y

The results presented in Table 3.14 manifestedly revealed that there was the

effect of the radical inhibitor on the cyclohexene epoxidation. The mechanism of this

epoxidation reaction supposed to proceed via free radical pathway.”
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3.8  Separation of 2-ethylbutanoic acid
Upon the analysis of the product from the epoxidation reaction, it was noticed
that there was another peak present in the gas chromatogram besides the epoxidized
product peaks. Therefore, the attempt to separate this byproduct from the reaction was
made as described in Section 2.6.1
According to GC-MS analysis of this component (Figs. 3.11 and 3.12) using
DB-5 column, the results clearly indicated that the isolated product was

&

2-ethylbutanoic acid.

188y

10T+

noic acid

]

T ) -
g INYNINYINT
MFUARINGAY

535

188,

117

5 2 Bl B B N IR B TG B el I B S B TR
20 48 68 88 168 120 148 168 188 208 228 248 268 280 380

Fig. 3.12 Mass spectrum of 2-ethyl butanoic acid
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This compound was isolated as liquid pale yellow, R¢ 0.44 (hexane: ethyl
acetate; 1:1). To confirm the structure of this compound, IR and 'H-NMR spectra
were recorded. IR (neat): 3400-2800 (O-H stretching vibration), 1705 (C=0O
stretching vibration) and 1275 (C-O stretching vibration) cm™; 'H-NMR (CDCl, &
(ppm)): 10.98 (acid proton, 1H, bs), 2.03-1.87 (1H, m), 1.69-1.43 (4H, m) and 0.92-
0.87 (methyl protons, 6H, t = 12 Hz).

s ¢ 2 8 3

8
s

777/
gL

S

2332 aeRETRE

=
R S—
! .
A 1 I W L]
BS 28 NS N4 W e 95 %4 A3 w8 T4 18 &S as K5 &8 45 40 33 5a 13 15 15 th 83 mem

Fig. 3.14 "TH NMR spectrum of 2-ethyl butanoic acid
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3.9 Proposed mechanism for cobalt-catalyzed epoxidation of alkene utilizing
2- ethylbutyraldehyde/ O, system
Based upon the detection of 2-ethylbutanoic acid as by product from the
epoxidation of alkenes catalyzed by cobalt calix[4]pyrrole complex (section 3.8) and
the effect of radical inhibitor (pyridine) study (section 3.7), these evidences led to the
confirmation that carboxylic acid was the byproduct from the epoxidation of alkene

using aldehyde and O, as an oxidant. The epoxidation was therefore believed to occur

',1 chanism is shown below in Scheme 3.1.
YL,

via free radical pathway.”* The propo.

1)

2)
[ ]
3) +  RCO
0
I
R-C-0-0-H

0
Il

R-C-O-H

Scheme 3.1 The proposed mechanism for the cobalt-calix[4]pyrrole complex
catalyzed epoxidation of alkenes using 2-ethylbutyraldehyde/ O,

system
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The mechanistic study of this epoxidation was assumed to initiate from the
cobalt complex reacting with the aldehyde to generate an acyl radical (RC(0)®). The
acyl radical was then reacted with dioxygen to give an acyl peroxy radical
(RC(0)O0"). The acyl peroxy radical acted as a carrier in a chain mechanism by
reacting with another aldehyde molecule to yield peroxy acid, thereby generating
another acyl radical. The peroxy acid reacted with cobalt complex to proceed cobalt

(IV)-peroxy complex which occurred via reactive high—valent oxo cobalt (IV)

complex reacted with fo transfer an oxygen atom

directly to alkenes yieldi balt 1) complex was driven back to the

.j

5
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