CHAPTER III

RESULTS AND DISCUSSION

c &ﬁed catalysis reactions have been

ariou ubstrates [1]. Despite the readily

During the last tw
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commercial availability o eral’ rgcent  de eloped. reagents for oxidation reactions,
there still exists a desire ; ilder ore_efficient method. This research
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3.1 Characterization of l‘;hromium complexes

Four e Iﬁ;%ﬁtﬂ %’wﬂq Spectonate and chromiu

(I1I) salen weregsynthesized using known procedure reported in chemical literatures [27,
AT R e
analysis X a acti nd IR Spéétros d ith’those previously
cited.

3.1.1 Elemental analysis (EA)

Percent composition of carbon and hydrogen in chromium (III) stearate was

analyzed by elemental analysis technique (EA). The result is presented in Table 3.1.
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Table 3.1 Elemental analysis of prepared Cr(IlI)stearate

Value % C % H
Theoretical 71.87 11.73
Experimental 70.58 16.28

Table 3.1 presents experim igfegmined the composition of prepared

Cr(Ill)stearate and the theoreti ues. ThofeSulmindicated that the complex contains

stively versus the theoretical value of

71.87% carbon and 11.73% hyde6% het .. ) eXperimental values for carbon
were nearly but those {0 géndWere fot good, pessibly because of the moisture in

sample.

The crystalline charateristit ©f the "7 ed Cr{IIT)stearate was investigated by
XRD technique; the XRD patis

3.1.2 X-ray diffragfio
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Figure 3.1 The XRD pattern of chromium (III) stearate
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From the pattern depicted in Figure 3.1, It could be confirmed that this complex
has the crystalline characteristic which showed the important characteristic peaks at 26
1.760 (d = 50.1681 A®), 2.238 (d = 39.4511A°), 3.518 (d = 25.0952A°), 5.202 (d =
16.9723A°), 6.656 (d = 13.2689A°), 21.560 (d = 4.1182A°) and 24.161(d = 3.6805A°).
The further characterization of the phase of crystal using X-ray crystallography was

required.

The instance of the IR Speetn ' I) stearate is depicted as shown in

~
e

Figure 3.2.
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observed around 1400-1450 cm™. The C-H stretching vibration was detected around

4000

2850-2900 cm'. Furthermore, the absorption peak around 3500 cm’ corresponded to the
—OH stretching was not observed. The C=0 stretching vibration of chromium complex
was found to absorb at higher frequency than that of free carboxylic acid (appeared at

1700 cm™), due to increasing of bond strength [29].
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Part 1 Chromium-catalyzed oxidation of alcohols

3.2 Study on the optimum conditions for the oxidation of cyclohexanol

Various factors were required to evaluate prior to reach the optimal conditions for
the oxidation of cyclohexanol, a representative of secondary alcohol. The parameters
studied for this reaction included type of chromium complexes, temperature, the amount

of oxidant and the amount of catalyst.

3.2.1 Effects of type of

catalysts that could mediate the
transformation of cyclohex yl function in high yield with
good selectivity [29]. exanol catalyzed by different

chromium complexes 2

Table 3.2 The oxidation of cyélohekado! catdlyze chromium complexes

Entry  Catalysts Auicvéioetanol | %yield  MB
# Ar clohexanone

1 none 8 100

Cr(llpalmitate”™== =" 2 82 102

2
Petearate. 14— T

3 Cr(I E22 L (I 105

4 Cr(111)bshil 81 106

5 Cr(Illydeetylacetonate 31 74 105

@)

[
@' Laly i 2%
reaction conditions ol @y 1§ 0820 El!lcatlll!'s‘, 8 mmol TBHP, 5 mL

isooctanag1 70°C, 24 h ¢ a

7 o/
athWﬂpﬁmeusﬁad’; mgx;}a ;%;l:ntially catalytic
oxidation ability. It was disclosed that all chromium complexes afforded good yield for
transformation of cyclohexanol to cyclohexanone without contamination of undesired
products. Among those chromium complexes examined, chromium (IIT) stearate provided

the highest yield of cyclohexanone. In the absence of chromium complex, the oxidation

of cyclohexanol to cyclohexanone was not successful (entry 1). Therefore, in this work
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chromium (III) stearate was selected to further utilize as a catalyst for exploring the

oxidation of secondary alcohols.

3.2.2 Effects of the amount of oxidant
With the suitable catalyst in hand, the amount of oxidant was the next parameter
to examine. The amount of TBHP in the reaction was varied from 9-27 mmol. The results

are summarized as shown in Table 3.3.

Table 3.3 Effect of the amount of TE HP in @ ion of cyclohexanol catalyzed by
Cr(1ll)stearate — \ ))

—

Entry  TBHP .. lohexanol™hesyield MB

318 nfm yelochexanone

1 102

2 106

3 105

4 104

5 , ¥ 99
reaction conditions: 5 mmol ¢ ':.;;.5:‘,. ol 026, | r(IlT)stearate, S mL isooctane,
70°C, 24 h et bt 28

From Table 3.3, the * oxidant is required in order to

generate oxo-chromi "( JOCICS 101 L yulohe xang "‘""""1 hen TBHP 18 mmol was
used, the reaction gave ‘ g roduet 91% (entry 3). In addition,

when the amount of TE P was decreased from 18 mmol, the yield was declined,

possibly due to H ﬁ ﬁ?]ag th :other hand, when the
amount of TBH ﬂ (entr ﬂ ﬁﬂﬂ hexanone was similar
to the use of 18 mmol of TBHP. Thisfimplied that the reaction wasf%#érried out with 20

i il QY skl | 3110010

3.2.3 Effects of temperature
Temperature is one of the important parameters for conditions optimization. The
temperature examined was room temperature (30°C), 50°C, 70°C and at refluxing

isooctane temperature (99°C). The results are pointed out in Table 3.4.
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Table 3.4 Effect of temperature on the oxidation of cyclohexanol

Entry  Temp (°C) time % cyclohexanol % yield MB
(h) (recovery) cyclohexanone
1 RT (30) 24 80 25 105
2 50 24 27 68 95
3 70 6 24 77 101
4 70 24 14 91 105
5 70 18N\ 83 103
6 reflux isooctane (99 75 103
7 reflux isooctane (99) 24 : 75 100
reaction condition: 5 mmo < 47 0 mmot Cr(I1T)stearate, 18 mmol TBHP,

5 mL isooctane

From Table 3.4 b 24 h, the highest yield of

cyclohexanone could be aéCouip s £ - 5 might be suggested that TBHP could be

homolytically cleavaged forgling atadics i ¢ the oxidation reaction (entry 4). At
eyel’

70 °C for 6 h (entry 3), it wa oun g 4hat-th d desired product was formed only

77%. Likewise, when the reactic prolonged to 48 h, the yield of

carried out at lower

iﬁE ip ained that TBHP did not

datton reaction (entries 1 and 2).

cyclohexanone was decrea
temperature, the reactjonwas not successiu
probably exposed well G
At refluxing temperaturé f isooctane (997 °C), the conversion of cyclohexanol and the
formation of cy ? i ? pid decomposition of
TBHP at high te% en lr?l ﬂw ﬁlﬂwﬂjous report on the first
use of chromium(IIl) stearate for the ofidation of seeandary alcoholsfisito carbonyl using
TBHP asq % aﬁ ﬂ @@H N%’]a’ta m&aea tEJt/ catalyst was
2/1/0.02 in"benzene at 80°C for 6 h affording only lower yield (26% of cyclohexanone).
For this work, cyclohexanol could be oxidized to cyclohexanone in high yield (91%)

when the reaction was performed with the ratio 5/18/0.20 of substrate/oxidant/ catalyst in

isooctane at 70°C for 24 h.
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3.2.4 Effects of the amount of catalyst

Variable amounts of chromium complexes: 0.01 (0.2 % mol), 0.05 (1% mol), 0.10
(2% mol), 0.20 (4% mol), 0.25 (5% mol) and 0.50 mmol (10% mol) were used to search
for the appropriate amount of catalyst in this oxidation reaction. The results are shown in
Table 3.5.

Table 3.5 Effect of the amount of Cr( arate on the oxidation of cyclohexanol

Entry  catalyst %% f“;"w-.{{j %yield ~ MB T.O.N.

(mme . (recove Cyclohexanone
1 99 153
2 100 73
3 106 39
4 105 23
5 107 18
6 - 97 8
reaction conditions: 5 mmol ¢ clo '__ :-— P. 5 mL isooctane, 70°C, 24 h
From Table 3.5, it wasr Hat 0:220 mmol of chromium(lil) stearate was

the optimal amount of ¢ 1§ 1 the amount of catalyst was
' »5 detected. When 0.50 mmol
as d creas@ This might be explained by
increasing agglomeratlorkof catalyst when l%e amount of catalyst was loaded as well as

the rapid decﬁ»ﬂ ﬂﬂ%ﬂﬁ%gﬁrﬁﬁmaw [32]. The use of

lower amounts @f catalyst led to Iower yields; on the other hand, tum over numbers was

‘“"“**":iwwaﬂmm NN Y

3.3 The kmetlc study on the oxidation of cyclohexanol catalyzed by Cr(III) stearate

increased or decreased from |

of catalyst was used Ee yield e

This study was undertaken in order to assess the propagation of cyclohexanol

oxidation. The results are reported in Table 3.6 and Figure 3.3.



Table 3.6 Kinetic study on cyclohexanol oxidation

Time 5 %
Entry (h) cyclohexanol cyclohexanone MB
(recovery)
1 0 100 0 100
2 1 80 26 106
3 2 73 30 103
4 3 98
5 4 102
6 5 103
7 6 105

reaction conditions: 5 o

mL isooctane, 703€, '

% yield

100
90 -
80 -
70
60 -
50
40 =
30
20
10 -

A
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Figure 3.3 The kinetic study on the oxidation of cyclohexanol

27

stearate, 18 mmol TBHP, 5

Table 3.6 and Figure 3.3 exhibit that cyclohexanol was gradually converted to

cyclohexanone. The half-life of cyclohexanone formation was around 3 h.
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3.4 The oxidation of 1-hexanol
1-Hexanol was selected as a model substrate for primary alcohol under the
oxidation conditions studied. The results of the oxidation of I-hexanol catalyzed by

different chromium complexes are presented in Table 3.7.

Table 3.7 The oxidation of 1-hexanol catalyzed by various chromium complexes

Entry  Catalysts Percentage MB

) hexanal hexanoic acid

1 Cr(IT)palmit tr 38

2 Cr(lll)stearaigmm 9 57

3 Cr(m)bM/ tr 32

4 Cr(I)acegylaceit | = 6'._ tr 66

5 Cr(liNSale // e 8 R tr 58
! PN

reaction conditions: 5 mry I'BHP,0.20 mmol catalyst, isooctane

o

‘\\

i

W,
5mL, 70°C, 24 N
From Table 3.7, it'wa obsw‘ , chromium complexes failed to utilize for

transformation of I-hexanol inf¢-h C aldehyde) and also gave poor vield of

hexanoic acid (caproic acid)«Ci arate played the best reactivity for
conversion of 1-hexanelto hexanoic 2 .-.T.“."—-.;.?._.{;,‘. by TLC). The sum of 1-

hexanol and all prod s v 1SeHcxanoic acid may be adsorbed

=

by celite. The attempt™0 separate hexanoic acid by basit”extraction and then purify by

e e S Y

3.5 Chromiumqglll) stearate — catalyzed oxidatien, of natural products containing

wR W AN ITUNRINETAE

tilizing the optimized catalytic conditions for cyclohexanol oxidation, it can be
possible apply to the conditions to oxidize naturally occurring compounds. Natural
products bearing hydroxyl group are commonly found in nature [33]. Among those

prominent examples include cinnamyl alcohol, cholestanol and menthol, these
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compounds were selected for evaluating the capability of this catalytic system. The

outcomes are accumulated in Table 3.8.

Table. 3.8 The oxidation of natural products containing hydroxyl group catalyzed by
chromium(III)stearate

Entry Substrates time (h) Products % yield MB
H
1 63 >96
2° 58° -
HO

34 45 98
4 51 96
5° 78 105
6 98 98
7 82 82

v
reaction condition: {f_'“"*m'-— meteitomiu (111) stearate, 18 mmol
TBHP, isooctdne d,%0.5 mmol substrate was

used, © isolate; 1[ ield, . 3 mm -‘J'J I'BHP

']
From T .8, ilmm uﬂ i ﬂc | (entry 1), cinnamyl
alcohol provide iel h &ien i m aldehyde (63 %) and trace
amount of cinnamic acid. The amountfof the latter was increased whes the reaction time

MO 7o P EaE FaVKTET Tatal 7 TEaY Y YNNG

in moderaae yields when 9 or 18 mmol of TBHP was used (entries 3 and 4). With the

-
[

great extent, when the reaction was carried out with 27 mmol of TBHP, the yield of
menthone was evidently increased up to 78% (entry 5). The significantly lower
conversion and yield of the sterically hindered isopropyl-substituent in menthol compared

to that of cyclohexanol implies that the oxidation catalyzed by Cr(IlI)stearate was
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sensitive to steric effect. The structure of attained product, menthone was fully verified
by 'H- and >*C-NMR spectra. According to *C-NMR spectrum presented in Figure 3.5,
an important peak of ketone functional groul; was clearly detected at & 211.5 and the
'H-NMR spectrum of menthone was depicted in Figure 3.4.
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Figure 3.5 The ?C-NMR spectrum of menthone
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From the previous report, Adam and his colleagues carried on the oxidation of
menthol mediated by (salen)chromium complex using iodozobenzene as oxidant to
furnish low conversion of menthone [25].

In the case of a steroidal compound, cholestanol could be transformed into
cholestanone in moderate yield. The identity of cholestanone was confirmed by IR
spectroscopic data (Figure 3.6). From IR spectrum, the presence of the signal belonging

to C=0 stretching around 1700 cm’ visualized while O-H stretching of alcohol

could not be observed.

%Transmitance

enumbers (cm-1)

AU mnwwww g
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and analyzed by 'H- and '"C-NMR spectroscopy. The 'H-NMR spectrum of
acetophenone (Figure 3.7) shows a characteristic singlet peak with integrations of 3H due
to the methyl group, at 3 2.62 and the aromatic proton signals around & 7.40-8.00 The
BC-NMR spectrum displays a singlet peak of new C=0 at § 198.2 as shown in Figure
3.8.
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Figure 3.8 The *C-NMR spectrum of acetophenone

32
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3.6 The kinetic study on the oxidation of cinnamyl alcohol catalyzed by chromium
(III) stearate

This study examined the appropriate time for the oxidation of cinnamyl alcohol

(allylic primary alcohol). The results are presented in Table 3.9 and Figure 3.4.

Table 3.9 The kinetic study on the oxidation of cinnamyl alcohol catalyzed by
chromium (IIl)stearate

Time y B e
(h) Cim;::zlv:l s amaldehve innamic acid
: l L 2 %
2 > | 0 86
3 0 105
4 0 99
5 tr >96
6 tr >85
7 18 tr >T1
g tr >69
9 r >59

X
o@;hmmium (TIT) stearate, S mL

reaction condition: 5 -m‘x
of CH;CN, 70

From S tgﬁl , 1 cinnamyl alcohol was
decreased dralﬂl&ﬂ:amaﬂlmﬁ ﬁﬁiﬂlﬁgurred. The highest yield
of cinnamaldehyde wa ai dfije u % i é( irst 4 hours, the
formata ﬁﬁﬁc@ﬁﬁ cijcﬁ l{j‘nﬁ imlgl?:jt er oxidation of

cinnamal?iehyde had not been initiated. After 5 hours, cinnamic acid was slightly
produced. According to the sixth to the ninth hour of reaction time, mass balances were

not good. This might be explained that the missing cinnamic acid was adsorbed by celite

during filtration. The evolution of reaction could be depicted in Figure 3.9.
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% yield

R
| imary alcohols in the presence
i ¥

3.7 Comparative study |
of secondary ones

The sele ﬁ?ﬂn ‘52“ p]ﬁ ristics of the reaction.
For further studﬂ emo ;He i0s s th n of a 1:1 mixture of
primary and secondary alcohols wasfcarried out wnader this devel@ped condition. The

uts b bR Tbd S AV IVIE1R E
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Table 3.10 The competitive study on the oxidation of primary and secondary alcohols

Entry alcohols TBHP time (h) % products
(mmol) ketone aldehyde acid
1 3 2 21 20 0
OH
2 @* O™ 3 24 35 23 9

3 87 0 84
OH -
4 @A & 72 0 8
5 h 27 0 0
OH
6 @/K,OH 23 0 0
7 52 0 0
reaction conditions: 5 mmiol of eachiafcohol \ r(ill)stearate, isooctane 5 mL
® CH;ON wasised a

This observation conyineed hese_conditions as a chemo- and
regioselective protogok for oxid; £ 508G ,,_,_,,,_,_‘,,—,,_.,—_;_‘:; ¢ presence of primary ones.
The reaction of a 1: "'ﬁ‘ ! A5 earried out under this developed

conditions. The mixtu of benzyl alcohol with l-phenyle anol after 2 hours preceeded a
smooth conversi Ei/ﬁ | r%/ &T 1-phenylethanol into
acetophenone EI:M h mﬁm aﬁﬁne rlﬁours, small amounts of
acetophenone a;Ei benzaldehyde wefe slightly enkanced; moreov@ benzoic acid was
producQ Wﬂ alﬁa(ﬂrﬁma w ’n:]n’g Mﬂ\a &d, the reaction
furnished! only acetophenone and benzoic acid in which should stem from further
oxidation of benzaldehyde in excellent yields (entry 3). The competitive oxidation of 1-
phenylethanol versus 1-hexanol (entry 4) displayed that the oxidation of saturated
primary alcohol to the corresponding carbonyl compound could not achieve whereas 1-

phenylethanol could be converted to acetophenone in high yield. Even better results were

obtained when primary and secondary alcohols were in competition on the same skeleton.
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The model compound used for this regard was 1-phenylethane-1,2-diol which could
accomplishly prepare from the hydrolysis of styrene oxide [34]. The structure of obtained
1-phenylehtane-1,2-diol was elucidated by 'H-NMR (Figure 3.10) which exhibited a
characteristic doublet peak with integration of 1H due to a benzylic hydrogen at & 4.81
and doublet of doublet signals around & 3.63 and 3.73 (1H each). Moreover, the hydroxyl
protons were visualized at 8 3.28. While the aromatic proton signals were detected

around & 7.35.

— 1500

— 1000

— 500

g},ym nunm mn 13-1
ABIBIATAUIBAIALUNEL 1 e e

product observed from this reaction was a hydroxy ketone, (2-hydroxy-1-
phenylethanone) without any contamination of either a dicarbonyl compound or ketone
acid. The a-hydroxy ketone product was isolated by column chromatrograph and its

structure was ascertained by 'H- and *C-NMR spectroscopy as presented in Figures 3.11
and 3.12.
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8.0
ppm (f1)

Figure 3.11 The MR otrd 2<hy -1-phenylethanone

l T T T T I T T T l T T T
200 150 100
ppm (f1)

Figure 3.12 The >C-NMR spectrum of 2-hydroxy-1-phenylethanone
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The depicted "H-NMR spectrum (Figure 3.11) of 2-hydroxy-1-phenylethanone
revealed a characteristic singlet peak with integrations of 2H due to the —CH, at § 4.95
and presented the important aromatic protons around & 7.30 — 8.00. Moreover, the *C-
NMR spectrum of 2-hydroxy-1-phenylethanone showed a singlet peak of new C=0 at §
198.4 along with 5 65.4 due to the carbon atom of -CH,— and the six signals belonging to

aromatic carbons were detected around 8 130-140 as shown in Figure 3.12.

Cyclohexene was r studying the oxidation at allylic

position. The results of cyclg various chromium complexes

\
are presented in Table™3. ife/selectivity eaction is depicted as shown in

Figure 3.13.

Table 3.11 The oxidation o s catalyze arious chromium complexes

3 - ' -— - wOH
- Total
Entry  Catalysts E (mmol)

crpanfibbd SANTHINENT oo

1

2 r( 709 10.107
SIS e
4  Cr(acac)s 0.156 1424 3433 2438 7.451
5  Cr(Salen)Cl 0 2.848 5137  24.601 32.587

reaction conditions: 50 mmol cyclohexene, 0.20 mmol catalyst, 18 mmol TBHP, 70°C,
24 h
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5 .o
% selectivity B cyclohexene oxide 75
80 O cyclohexenol
O cyclohexenone
70 [ trans 1,2- cyclohexanediol

60
50
40
30
20
10

0
Cr(Il)palmita 1 ;,. .‘1%5&\%

_ enq Catalyst
Figure'3.1 \ X on of cyclohexene
From Table 3.11 and'Fi * L m complexes were screened for

potentially catalytic oxidatio

that chromium (III) stearate and

chromium (III) salen-Cl perform Vity as catalyst for oxidation at allylic

position to the corregpon = in ‘Mo iclde~ It was noteworthy that
chromlum(III)stearate ovided the highest y ; ,\; enone and gave the best
selectivity for the produ oligxenol (2.5:1) (entry 2) while

others showed moderate catalytlc activities and gave fair yield with poor selectivity.
Among them, ¢ f as a catalyst yielding
trans-1,2-cycloh quﬁ\ mmlnlim of allylic oxidation
products (en trans-1,2-Cyc l(ﬁliet 1 was Believed t ring opening of
cyclohexé] ﬁi] ﬁm ahﬂsf} Ejﬁ%hmmmm (1)

stearate would be employed as a catalyst for allylic oxidation of natural compounds.
Form the results mentioned above, it might be explained that there were two
reactions were competitively taken place. The first route was allylic oxidation yielding

enol and enone products (Scheme 3.1, pathway A) as well as the second reaction was
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epoxidation of alkene which eventually provided diol compound as prodominant product

after ring opening of epoxide as presented in Scheme 3.1 (Pathway B).

il ) .
- - - — - a ¥ \ o e - - - = - - - - -

Pathway B
t-BuOO

t-BuOH

(I g
AUy
cLABN

¥

crV=0

ININYNT
MRIINUNY

Scheme 3.1 Possible pathways of the oxidation of cyclohexane
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3.9 The study on the oxidation of cyclohexene catalyzed by Chromium (III) salen-Cl

In order to discover the appropriate efficient catalytic system towards the
formation of diol, various reaction conditions are required to carefully evaluate the
capability of Cr(Ill) salen-Cl catalyzed cyclohexene oxidation. The results are

summarized in Table 3.12.

Table 3.12 The oxidation of cyc]o
conditions

talyzed by Cr(Ill)salenCl under various

WOH
(X
OH

4

Z/A\ S
Batry  Conditon //ﬁg\\\ 5w

4

DAY

1 50 mmol substra b 2,348

f \

5.137 24.601

2 10mmol substrate 2.022 5.365

3 50 mmol substig £, ) 4.722 9.107
y ¥3

anhydrous f_i—.rl

4 50 mmol subsuﬂ, 062 M 2566 15.600
N, atmosphere

; wmﬂu@qwamswawn@m o

vacuu

 ARTRINIUNAINYTRY o

reaction andltlon. 18 mmol TBHP, 0.2 mmol Cr(IlI)salen-Cl, 70°C, 24 h

From Table 3.12, it was revealed that in the absence of air and under anhydrous
TBHP (entries 3-6), as expected, the activity of transformation to cyclohexenol,
cyclohexenone and frans—1,2—cyclohexanediol was decreased. This might be explained

by the less formation of cyclohexenyl hydroperoxide, which gave enol and enone after
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decomposition was occurred. When the reaction was carried out under anhydrous
condition, the small amount of cyclohexene oxide was also detected but the amount of
trans - diol (4) was dramatically decreased whereas the amount of enol (2) and enone A3)
remained constant (entry 3). This might be explained by the production of trans-1,2-
cyclohexanediol via ring opening of cyclohexene oxide by water did not take place but
the diol product was produced via ring opening of epoxide by radical species from

exposed TBHP. Under nitrogen atmosj | ege and vacuum gave the nearly results (entries 4

and 5), which were inactive tow e fo m f all products. At shorter reaction time
(entry 6), low yields of enel{2)and enone (3 Cieoccurred with a moderate amount of
(4). This could be explained. thatthe ationof.eno and enone products was slower
than ring opening of epgxide_Ff - ned above, the formation of enol
and enone products of 1 by Cr(IIl)salen-Cl was believed
to occur at an allylic pogifiog! Fu more, the on of this catalyst provided the
epoxide product. It was béligve q me Of €poxide was dealt with a high
valent oxo-chromium #Vhig ans m cd“Hx atom' into C=C giving the desired

i~ 4 i d
epoxide product. Moreoyer. -!:; ‘, y by ring closure of ferr-butyl cyclohexyl

peroxide. The production offfrgns-diol cve
[35].

k place by ring opening of epoxide

]

2
ﬂumwﬂmwmm

am&wmm AN Y
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3.10 Chromium (III) stearate—catalyzed oxidation of natural products
containing C=C moiety

3.10.1 The oxidation of a—pinene catalyzed by various chromium complexes
An o-pinene, monoterpene containing allylic position, was used as a
representative of a natural product substrate to observe the scope of this developed

oxidation catalyzed by different chromium complexes. The results are presented in Table
3.13.

Table 3.13 The oxidation of g=pifiene catalyz€d#y yarious chromium complexes

benone2  trans - diol 3

Entry ly/ﬁw\\\ % yied MB

3
1 47 0 51
2 55 0 58
3* Cr(I11yste, 64 19 92
4 Cr(Il)bghe 0 34 0 37
5 Cr{Iiacetylae 0 46 0 48
6 Gr(Salen):CT ~~ 7 Y 38 0 38
reaction ’@e?—""—‘—;'"“* 73; 0.20 mmol Cr(III)stearate,
iSO t d up by filtration through celite

From Table 3. l}, it was dlsplay% that all chromium complexes afforded

e BN BIEAG EIGE v

provided the highest yield of the desxred product (entry 2). The reactlon which was
gener and poor mass
balanﬁmlﬁiﬁnﬁmﬁﬁ:z?ﬂﬂ ‘ﬁdg ield of diol (3)
could be observed. This might be assumed that acidic work up was not suitable for
products assessment. The formation of diol (3) was taken place via ring opening of a.-
pinene oxide. This was confirmed by the result of cylohexene oxidation. The role of

Cr(Ill) complex was perhaps to accomplish the rapid decomposition of verbenyl

hydroperoxide intermediate [36]. From the report suggested by Allal and his co-workers,
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the use of CuCl, catalyzed oxidation of a-pinene using TBHP afforded 71% yield of
verbenone with high selectivity (78%) [36]. That system could provide similar yield of

verbenone to this work.

3.10.1.1 The effects of the amount of oxidant

Based on preliminary studies, Cr(IIl)stearate appears to be the catalyst of choice

for this catalytic process. Other chromitim lexes were inferior as catalyst at the same
, N . ;

i . of oxidar ion was varied from 9-36 mmol to
optimize the reaction condi nm._.. e regults ized in Table 3.14.

H ':*

Table 3.14 The effect 0 tion of a-pinene catalyzed by

Entry oxidant ti % yleld

Cr(m)stear / \ \\}\

(mmol) I g 3 MB
1? 9 trace 0 >08
2 9 46 20 105
3 18 59 18 91
4 18 9}":_,?_;; 64 19 92
5 18 48 oT— 64 20 91
6 27 o 49 23 72
7 27 hd, 148 23 71
8 36 Tl46 23 69
9 36 43 24 67

reaction conditions: 5”1101 a. - pinene, 0.20 mmol Cr(IIEstearate, 70°C, isooctane SmL

- 50‘m ol substrate was y sed

e BHER NEUNTH VD ot o 20 e

employed togetmr with 5 mmol of gubstrate for h, the reactiop afforded the highest
yield Q\Weqﬂ@ﬂgi Wtw "r}’} WE] f'} a\c&]t of TBHP was
increased or decreased from 18 mmol, the yield and the selectivity of verbenone were
declined. Using of 27 and 36 mmol of TBHP (entries 6-9), the significantly lower yield
of product compared to the use of 18 mmol of TBHP was obtained, implied that the
substrate and products could be further oxidized to undesired compounds. The suitable

reaction time was 24 hours. The prolonged reaction time did not have any effect to
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increase the yield (entry 5). The mass balances were not summed as 100% because the

unidentified and undesired products were produced.

3.10.1.2 Effects of the amount of catalyst

Variable amounts of chromium catalyst 0.10 (2% mol), 0.20 (4%mol) 0.25

(5%mol) and 0.50 mmol (10%mol) were used to search for the appropriate amount of

V Eresented in Table 3.15.

catalyst in a-pinene oxidation. The res

Table 3.15 The effect of the-ai cata ly idation of a-pinene
| —
Entry  catalyst ‘\\. eld T.ON.* MB
(mmal L LR
1 0.10 31 87
2 0.20 15 92
3 0.25 13 100
4 0.50 6 106
reaction conditions: 5 mmol @-pinene; iS00 ak, 70°C, 24 h. * based on

verbenone “=

Table 3.15 shows
mmol of Cr(Il)steara e

yst ain opnt. It was found that 0.20
;fﬁ 2). In addition, when the
amount of catalyst was Ecrease or d ased from 0. ZOmmol the yield of verbenone
was decreased. On the othet hand, the formatign of diol (3) was slightly increased when

the amount of cﬂyuNE} ’ae%qdﬂ %hﬁ wpﬁq ﬂ(‘ﬁe formation of epoxide

and the rate of furtfier ring open of epOélde were mcreased

RN NN Y

This study was to search for appropriate solvent that could mediate the formation

of product in high yield with good selectivity. The results are summarized in Table 3.16.
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Table 3.16 The effect of solvent on the oxidation of a-pinene

Entry solvent  %a-pinene % yield MB
(recovery) verbenone (2) diol (3)

1 isooctane 9 64 19 92

2 CH;CN 14 58 9 81

3 CH,Cl, 13 57 7 77

reaction conditions: 5 mmol ge-pinene. 0 20 mmol Cr(IIl)stearate, 5 mL solvent,

70°C, 24 h {/"
@le 3.16, isooctane was the most

and dichloromethane were not

Among the three solyen
suitable solvent for this
appropriate solvent bec onitrile. This could affect to

the selectivity of verbe

e catalyzed by Cr(III)stearate

It is widely well- ' tHaf' there 0 possible mechanisms proposed for
oxidation catalyzed by transiti omp Tobegin with, the reaction involved a
free radical pathway. The other that not to take place via the radical

partway. In order to of o—pinene, a kinetic study

was considered. The 7-’}&' i

%Yleld E

o | imumﬁ?ﬂé%r'lﬁ’ ¢

0_‘:--j' ' S : time (h)
1 2 3 4 5 6 12

Figure 3.14 The kinetic study on the oxidation of « - pinene catalyzed by Cr(IlI)stearate
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Figure 3.14, which clearly depicts the evolution of - pinene, verbenone (3) and
diol product (4) versus time, shows that a-pinene was slightly transformed to the desired
allylic oxidation product (3) and the ring opening product (4). When the time was
prolonged, the yield of verbenone was increased together with a decrease of o-pinene

while diol (4) remained constant. Moreover, a-pinene oxide (1) and verbenol (2) were

not detected.

ion of a— and B—ionones

" "‘«.‘ b Y l i
a—lonone (a-jonone)aid 'noﬁone), two naturally occurring

monoterpenes widely diséei genera sed in perfumery, flavoring, and
vitamin A (retinol) prg were selected for evaluating
résented in Table 3.17.

aif datal 8 \\\ d— and B—ionones
L.

the capability of this cag

Table 3.17 Chromium(II

Entry %o yield .
1 38
2 27
3 34

“ Anghingaast
5° 1 38
o A W
6 i 37
o WIRIN WU N PR
q
reaction condition: 5 mmol substrate, 0.2 mmol chromium(III) stearate,18 mmol TBHP,

isooctane 5 mL, 70°C, 24 h. * isolated yield. ®2.5 mmol substrate was
used

From Table 3.17, it was observed that a— and B—ionones (entries 1 and 4) were

oxidized smoothly to the corresponding enone, (3-oxo-a-ionone) and (4-ox0-B-ionone)
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respectively in fair isolated yields. When the amount of TBHP was increased, the desired
allylic oxidation product was slightly decreased. The identities of these products were
ascertained by 'H- and >C-NMR. The 'H-NMR spectrum (Figure 3.4) of 3-oxo-a.-ionone
showed a characteristic of four singlet peaks with integrations of 3H due to the methyl
protons and the important singlet of O=C-HC=CCHj3 at & 6.00 along with alkenic
protons around 8 6.15 to 6.70, -CH,- proton signal around & 2 and one tertiary protons at

8 2.7. Moreover, the *C-NMR spect igure 3.16) revealed a singlet peak of a new

carbonyl carbon at & 198.3 and
Likewise the *C-NMR of 4-0x0-
carbon at & 198.7 and alkengi¢

lkenic carbons around & 120-160.
howed the peak of the carbonyl
: 0-160 while the '"H-NMR spectrum
(Figure 3.18) depicted the 12 >4awith integration of 2H due to
CO-CH,. In addition, twg
7.2 and 6.1. The two tripleg

blet of doublet signals at &
\ tected around 6 2.5 and 1.9.

\

ﬂuﬂﬂﬂHﬂSWHﬁﬂ
jﬁﬂaﬂﬂimuﬂﬂ NYNKY

| L T T i et e ‘T--:‘ TR L T R B R o E S s e T RS S B
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
ppm (1)

Figure 3.15 The 'H-NMR spectrum of 3-oxo-a-ionone
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Figure 3.17 The "H-NMR spectrum of 4-oxo-B-ionone
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3.10.4 Oxidation of a- and y-terpinenes catalyzed by chromium (III) stearate

Although the experiments mentioned above indicated some potential for the
selective conversion of alkenes into enones, this oxidation system nonetheless does
transform cyclic diene to aromatic compounds efficiently instead of formation of enones.
To extend the scope of this oxidation system, - and y-terpinenes, two monoterpenes,

were thus selected to examine. The obtained results are summarized and presented in

ydepicted in Figure 3.19.

Table 3.18 Chromium (I ) Stearan : ze@of a- and y - terpinenes

T OZZERRN T Oy

2 3
\& +-methylacetophenone cavacrol

Entry MB % efficiency
of TBHP

1 =) 70 19

2 98 55

3 a—terpinen‘ea3 77 UO 14 103 153

I'd

4 q 18 52 48 7 107 30

o L a W
AWTAINIU RN =

6q y-terpinene 3 83 0 0 103 139

reaction condition: 5 mmol substrate, 0.20 mmol chromium(IlI)stearate, isooctane 5 mL,
70°C, 24 h
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100 100
90- 85

% Selectivity

ene 18 mmol TBHP

\ o-terpinene
.. : ] cavacrol
LY

?‘ ~ | d
‘-, erpinene oxidation

iﬁ»
seleg

Figure 3.19
According to Table. e_distribution of products and their
selectivities were exhibi dominant_product fron _& e oxidation of a- and y-
terpinenes was p-Cyi ctected products were 4-

methylacetophenone and’ cavacrol. In addition, when

fie amount of oxidant was
decreased, the p ﬁ \g well while the yield of
p-cymene ﬁ'ﬂ eﬁﬁ‘:ﬁp ﬁ jq: gﬁj ne catalyzed by
chromlum(III)stearate using 18 mmol 6f TBHP gavesmoderate yieldaof p-cymene (1), 4-
et B GOV 5h0 0 o 3 ) Y e,
presence 8f 9 mmol of TBHP-th-e ﬁigher yield of (1) was detécted together with a
decreased of compound (2) and with a slightly increased of (3) (entry 2). When the
reaction was carried out with 3 mmol of TBHP, the predominant oxidized product was
(1) in high yield with good selectivity while the small amount of (2) was obtained. In

addition, the formation of (3) was not occurred (entry 3). The oxidation of y-terpinene
using 18 mmol of TBHP gave fair yields of (1) and (2) and low amount of (3) (entry 4).
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In the presence of 9 mmol of TBHP, it was found that the yield of (1) was increased
while (2) was decreased but (3) was not obtained (entry 5). The oxidation of 1y -
terpinene by using 3 mmol of TBHP gave only p-cymene in high yield with excellent
selectivity (entry 6). The formation of p-cymene is believed to be formed by
rearomatization of terpinyl radical and the production of other products were produced

via further oxidation of p-cymene described by the possible mechanism in Scheme 3.2.

cavacrol (3)
HO

/_\ * 0'Bu
NF
[ H
—~ ¥ earomatization X
¢ LA 2 p-cymeme (1)
o 'BuOH
il > .;ij
F—U, ——
ﬁ“ WYInNg "
CH, HOO-'Bu

ARIAINTUNNINYIAY

4-methoxyacetophenone (2)

Scheme 3.2 Possible mechanism of oxidation of a.- and y-terpinenes
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From Scheme 3.2, the initial abstraction of an H-atom on the ring by fert —butyl
hydroperoxyl radical species led to the formation of an intermediate radical (4), and then
the rearomatization was taken place to provide p-cymene (1). This compound was
induced by the H-atom transfer from the Cr(IV)-OH species and generated the new C=C
bond. Moreover, the Cr(V)=0 species initiated the reaction, boosting the abstraction of a
hydrogen atom from tertiary-H atom of p-cymene (1). The alkyl radical could react with

oxygen to give the corresponding jalkylperoxyl radical generating the 4-methyl

acetophenone (2) after fragmentati of | )} an€._In addition, the formation of cavacrol
(3) took place via H-abtraction at.methyl grofp=6fl pseymene gave radical intermediates
(5) and (6). The alkyl radical {6y could 're Ctowith oxygen to give the corresponding

alkylperoxide, and generated™t}

(6). The abstraction of g

rearomatization of intermediate

preferred to tertiary proton on
isopropyl group because o e major product, p-cymene was

ascertained by 'H- and® °Q » x 20 and 3.21. The 'H-NMR

depicted the signals of afor
3.07; moreover, BC-NMR

nd multiplet peaks of 1H at &
c carbon around & 130-150.

{— 5000

— 4000

ﬂuﬂqwﬂmswawni -
Qmamssiamanensy

e e e i B e e B e e

8.0
ppm (f1)

Figure 3.20 The 'H-NMR spectrum of p-cymene
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3.11 The proposed mechanisti mium(III)stearate catalyzed
oxidation by TBHP
Understanding_ the ifiode “of / ¢ ation of alcohol catalyzed by

chromlum(III)comp > the formation of products.

Besides the activity, t ge 8 study on the oxidation of various
a

substrates mentioned

4 .
ve, the proposed mechanistic pa ays were required. From the

results also id ﬁ % ﬁﬁmemﬂptﬂ of alcohols dealt with
high valent OEI’I ecies (allyllc oxidation) was
proceed via free radical pathway as dépicted in Schemes 3.3 and 3.4/

ammmmummmaa

3 1.1 The possible mechanistic pathway for the oxidation of alcohol
catalyzed by chromium(IIl)stearate using TBHP
The oxidation of alcohols to the corresponding carbonyl compounds is well
known to take place by high valent metal complexes [37]. The mechanistic pathway of

the alcohol oxidation under Cr(III))TBHP conditions was therefore conceived to take
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place via a high valent chromium species, (formally *Cr = O) as shown in Scheme 3.3.
This high-valent species subsequently reacted with the alcohol and then collapsed to the

final carbonyl compounds with concurrent reduction of low valent chromium, generating

cr'.

R4{CHR ,0H

t-BuOH

idation of alcohol
3.11.2 The mechanistic p cidation of alkene catalyzed
by chromlum(II ate usi JP

place via allylic proton '."t genefe ed from exposure of TBHP

) Moreover the formation of dlol can be observed. This

o ;1ﬂ“ﬁﬂ?ﬁmﬁ’w P g re B e
ammmmumu'ﬁa Eh aon

O—tBu

boosting by chromium(¥ l

c™ + £BuO-OH

lll

\ 0|HN

B Cr +£BuOQ e

£BuO e + #BuO,H £ BUOH + ¢-BuOO e
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o
3 OH
H,0O
addition ’ z

0-0O- t-Bu
T O o
mH
t-BuOy O — o0

Scheme 3 of allylic oxidation

Scheme 3.4, _ 7, : : as reacted 4ig two pathways. The first
- =

)

route was carried out by'a bradical provided intermediate

(1). Cyclohexene oxide II as produced by ting closure ~:i en this compound could be

attacked by fert-buthyl hydtoperoxyl radical, exygen, water and so on to yield trans-diol.

The other pathvﬂ uﬂnﬂamcﬂﬂﬁb‘mgﬂrﬂ@ radical (2). The alkyl

radical (2) could feact with oxygen to give the corregonding enol arE'enone, and/or tert-

butyl h;@qu ahﬁlﬂ gfﬁﬂﬂﬁ%ﬁ%ﬁaﬂmm after the

decomposition of intermediate (3).
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