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) X Fe(Il)/picolinic acid FEA2 FAY 23}ZEE o|§3sted FH4ikslrael 2 cyclohexane
Abghakee Sastgdr}. Cyclohexanone®} cyclohexanolo] ¥ AAEo]glow, one/oluly 3~100]%t}. Pyri-

dine/acetic acid &g-4oj(3au] 25:1, pH 5.3)o4 7} ¢4 AL v, whEeEE 25~40T7F Aol

Cyclohexyl hydroperoxide7} ¥h& Z7b4) 912 8915192, adamantane®] ¥-2 Abshul
BE yon-radical 425 AH AL o 5 gk

ETE1 l_ o \_

23} radical trap 7} A& Az}

Abstract: Partial oxidation of cyclohexane by HOOH was carried out with the transition metal complexes composed

of Fe(II) or Fe(Ill)/picolinic acid derivatives. The major products were turned out to be cyclohexanone and

cyclohexanol with the one/ol ratios of 3~10. The best performance was observed in a mixed solvent of pyridine/acetic

acid(volume ratio 2.5:1, pH 5.3) and optimal temperature was 25~407C. It was known that cyclohexyl hydroperoxide

is the reaction intermediate, and that the reaction dominantly follows non-radical pathways which was ascertained from

the results of the adamantane oxidation and radical trap experiments.
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Fig. 1. ®*C-NMR spectrum of cyclohexyl hydroper-
oxide( + ). Other peaks correspond to die-
thylether and cyclohexanol.
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Table 1. Reactivity and Selectivity for Various Fe

Complexes?

. Yield | Turno- | One/0l
fron/Ligend (mmol)® | vers® | ratio?
FeCl, trace
FeCl, -

Fe(Cl0,), -

Fe(MeCN)(CIO,)," -

FeCl/picolinic acid 5.7 204 7.0
FeCly/picolinic acid 6.1 218 77
Fe(Cl0,):/picolinic acid 6.1 218 | 85
Fe(CI0,),/2,3-pyridinedicarboxylic acid 5.4 193 6.4
Fe(Cl0,)./2,4-pyridinedicarboxylic acid 5.3 189 74
Fe(Cl0,),/2,5-pyridinedicarboxylic acid 5.1 182 8.0
Fe(Cl0,),/2,6-pyridinedicarboxylic acid 51 182 83
Fe(Cl0,),/1-isoquinolinecarboxylic acid 5.0 178
Fe(Cl0,),/nicotinic acid -
Fe(Cl0,),/isonicotinic acid -
Fe(Cl0,),/2-pyridylacetic acid -
Fe(ClO.),/2-pyrazinecarhoxylic acid 0.3 1l
Fe(Cl0,),/2,3-pyrazinecarboxylic acid -

a) Solvent pyridine +acetic acid(35ml, 2.5:1 volume
ratio, pH 5.3), cyclohexane 46mmol, Fe( 1I) or Fe
(Ir) 0.28mmol, HOOH 29mmol, and temp. 25°C

b) Total amounts of cyclohexanone and cyclohexanol

¢) mol of cyclohexanone and cyclohexanol/equiv. of
Fe complex

d) mol ratio of cyclohexanone and cyclohexanol

< EFSI22 Fenton whe-o] 7b5Ao] lov} Al
2 o] w3 Fo ArE wi$ A= AL MR
AMZRE o 4 9k B4 AMIZEE cyclo
hexane = HOOHS] #4353 HAo] Z&oles} A
B3 e FHY 3R] o= A
¢ Ak ole FUY uke A4 Lo =
o]&3} F#3HA, = pyridineo] ArstEo] A
pyridine N-cxide7} &4< 7= 3§t olgs By
[14]e} Autsle Ao},

Pyridine ] ortho $12]¢)) carboxyl 7]7} = 3kE) o}
AE BztEnte] $48 7h: Fe #3322 y4e
T Atk AMAE ortho Ao X)gs g)7bcwtol
Feol23} 57}8)9] bidentate chelates}3t=¢ A
F ) dEez AuE 4 9ley), o9} ol
picolinic acid7} Feo] &3} 5713 9] chelate HAg
< Ak SHHE e X-A 944 FREMowny

i 4P ol
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(o] (e] (o]
Ny oH Ny oH (" oH
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Picolinic acid 0o O™ GH
2, 3~Pyridinedicarboxylic acid f

2, 4-Pyridinedicarboxylic acid

(0]
Ny on o N (o) 0
NS HO Y My oH Ny oH
OH =~
2, 5-Pyridinedicarboxylic acid T 1-Isoquinolinecarboxylic acid

2, 6-Pyridinedicarboxylic acid
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—_—

N N (o]
QOH E) Ny ALOH
(0] 0O7~OH U
Nicotinic acid  [sonicotinic acid 2-Pyridylacetic acid
0 (e]
[Nj} OH [N:COH
N N\, OH
0
2-Pyrazinecarboxylic acid A

2, 3-Pyrazinedicarboxylic acid

Fig. 2. List of the picolinic acid derivatives used in
the study. The ligands were classified ac-
cording to the activity.

galg wl glri8].

Fig. 3ell= uh&-9] 48 2= Fe(1I)/picolinic
acid®t B4o] ¢l Fe(II)/nicotinic acid®] cyclic
voltammogram& R.ojF3 9li=d), Fe(II)/picolin-
ic acid®] voltammogramel| = 0~0.2V(vs. SCE)
B4 F A9 e A= 2 4 gley
Fe(1II)/nicotinic aciddll )= 232 %3t} % an.
odic ¥ cathodic 37} 2% & =7)9 5z A
FE Hols Zo® Ho} o] 335 A3 wi 3
A AEEE £ W4 Fetxo ahAFe R
FI 9lek. #AsighEo] Abshub-gol BAL 27) 93
A A A w349 £ oo} dris Aul
Hol A olg 2 spgAlql cyclic voltam-
mograme| §}5-] F3 9lc}. Fig. 2¢] ¥z 84
= e Hzes a¥7) 29 s zgsis
B Fe(Il) #Zs3tEdAME 593 cyclic voltam-
mogram$ & 4= 94t}

Table 1e]4 HZo], 2 AgzAd)A cyclo-
hexanone} cyclohexanol®] #3}-&< cyclohexane
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Fig. 3. Cyclic voltammogram of the Fe(II) com-
plexes. a: Fe(1I)/PAH(1:2), b:Fe(1l)/
nicotinic acid(1:2). Electrode; glassy car-
bon disk,
butylammonium perchlorate in DMF, and

supporting electrolyte; tetra-

scan rate; 100mV/sec.

of tj3te] 11~13% 2 gH& M]3 one/olr]= 7~
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ABAZ Aggtte e AR, qhE7e] A
2Aketo 2 23515} 31 cyclohexanone?] AJAgko] wj
4 & #AAo] gtk Cyclohexanoned] 4ol =W
caprolactameo|t} adipic acidZ 3 w] AFsHA| <

& A F e Aol o

3.2. 2ojo| E/ol 2 {34

La) 2 1838} pyridines} acetic acid®] A<l
ofell w2} pH7} #&lA| =], Table 204 Hof
F o] & gujo] ¥Huly} 25:1¢1 pH 5.3 FZd
o 7} 2 weAae S o ¢ AU 10]). o
23k pHe 3ol oigt A= ub$rl7F AgE
Foll 7hsstAt, AA7AAE HE71F7h AR X
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Table 2. Reactivity as a Function of the Volume
Ratio of Pyridine and Acetic Acid(Total

Volume 35ml)?
Volume ratio q Yield Turnovers
of pyr/HOAc P (mmol)
Pure pyridine 6.4 31 11.1
6 1 5.9 3.5 12.5
2511 5.3 6.1 21.8
1.3:1 5.0 6.0 214
0.7:1 4.6 4.6 16.4
Pure acetic acid 0.4 trace

a) Cyclohexane 46mmol, Fe(Il) 0.28mM, HOOH
29mmol, and temp 25C

Table 3. Reactivity and Selectivity in Various Sol-

vents®

Solvent Yield(mmol) | One/Ol pH

EIYSSOAC 6.1 85 5.3

Acetone 22 1? : 5.3
]

Acetonitrile i: (1)8 ¥
]

Methanol ig (1)2 539
)

Ethanol ig 82 539

a) Solvent 35ml, cyclohexane 46mmol, Fe(II) 0.28
mmol, HOOH 29mmol, and temp. 25°C

b) pH was adjusted by adding catalytic amounts of
pyridine and acetic acid

c¢) Pure solvent

Pyridine/acetic acid &3 & o|9]9 o} & {7|
Sl X% pH <d3Fo] Qv #al7] Hilo, &5
g fule}l vjke] pyridine/acetic acid® pH 5.3%&
oo el FAdIF S FEstded,
Table 304 R.ojFo] thE &l & AHES 7%l
= pHe gk ¢l #3H&-2 acetonitrile v
ol vz £ Holgl o} one/oln|z} A HoiA
< 2 4 9lch. webA] pyridine/acetic acid E3H4
vj9} 7]e} Lujoll A cyclohexaned] 3-8 Abzjul-g-o
AE T2 AZE AX AYHe R F5 5
olth. £ pyridine/acetic acidel] 4]+ cyclohexanone
o AAdo] g1 w3k pHol| upel wk-gAdo] A ¢

] S
P
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HE wgARs} $A%T, 7] Sejel 4= cyclo-
hexanole] 4ol A Fe452 pHel %2 W)
e WEAR} A ez A4 + gtk
Pyridine/acetic acid ©]2]¢] &ujeA} cyclohexanol
o Aol F7tsE Ao 2 wFe] Fenton ¥h$- =
£ 2Kt radical ¥h-g-9] #e] %7} pyridine/ace-

tic acid &vjo) njgte] AAE & 4 Ut}

3.3 2ol o 3y

Table 40]& ¥hg 2% o w2 AAE3} one/olH]
£ veb ek HOOHS F41%& 3mls} SmiZ ¥
A Z e, SmiE F9]8 799 Aspee 0CAA
F8 227t F74el wek A F71sis) 40T
A YA E Ho|n (A3 20.4%) 50TeA] t}A]
Zaste FAE EAch one/olvls L2 ZUI5H
of me} A Faste AFE Bk ole 2x F
bl w2} whg-& et F7ksltis} 50°C o)Ate] W
cyclohexanole] F2 WAEHE= AZ7 SAHA=
Ao 2 Ay 4 ). 2% Z7}e) e} one/olw)
7} adhe 7o Hol 72Y4E Fentondhe &
£ 7Ie} radical Jef 9] whs-4 27} ZbslE Ao
A& 5 9t

o|2X-E uh&-o HHzZAL Aeld B, WL
L 25~40C, 47l pyridine/acetic acid(pH 5.3),
2|72 Fig. 29| 11§ picolinic acid =9l
HAeg AZ A& 4 Urh

3.4 98 7| 7Y
Cyclohexanee] ¥ A13}¥]o} cyclohexanones}
cyclohexanol® g9 oj2] 7+ Z cyclohexanol

Table 4. Reactivity and Selectivity as a Function of
the Reaction Temperature®

HOOH Temp Yield |Turnovers| One/ol
(ml) (C) (mmol) ratio
3 25 6.1 21.8 8.5

0 4.5 16.1 9.5

5 25 8.3 29.6 8.2
40 9.4 33.6 5.0

50 7.5 26.8 1.9

a) Solvent pyridine+acetic acid(35ml, 2.5:1 volume
ratio, pH 5.3), cyclohexane 46mmol, and Fe(II)
0.28mmol

3} cyclohexyl hydroperoxides} A|¢t=l¢]c}. Table
5o+ uF-25F cyclohexane, cyclohexanol, 183
cyclohexyl hydroperoxideZ AM43l9e w A3bg
3} one/olv]E 4gs}9drt. Cyclohexanolg HH-LE
2 39 9 cyclohexanoneo 22| Aggo] 7%=
W G & 4 sled, o)]28E cyclohexanolo]
Tz 72 WiAE 4 Slsith o]& Fig. 4
o A3tz 5% 4 Ut Fig. 491& cyclohex-
anes HH3-EE d}of uk-ZA)7be)] wWE cyclohexanone

6.0 I
—3
~ 5.0
<
E
£
= 4.0
5
B —1#— Cyclohexanone
ot
D‘; 3.0 —J— Cyclohexanol
=
k3]
8
~ 20 L
10F
[IS;)'D—'G 3 O
0.0 L 1 1 L
0 50 100 150 200 250

Reaction Time(min)

Fig. 4. Product distribution as a function of the reaction
time. Cyclohexane; 1.16M, Fe(1l); 13.8mM,
HOOH; 0.68M, and temperature 25C.

Table 5. Product Distribution with Different Sub-

strates?
Cyclo- | Cyclo- Cyclohexyl

Substrate hexane | hexanol hydroperoxide
Cycohesanone | ooy | 330 | gp0v | 170
(mmol)
Cyclohexanol | 00 | 427 1.7 18
(mmol)
Turnovers 21.9 11.8 84.6 67.1
One/ol ratio 8.6 0.08 12.9 9.4

a) Solvent pyridine+acetic acid(35ml, 2.5:1 volume
ratio, pH 5.3), substrate 46mmol, Fe(1I) 0.28mmol,
HOOH 29mmol, and temp. 25°C

b) Without HOOH

¢) With HOOH
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3} cyclohexanol®] HA EEX& Jehlz &4, 4t
<+ 273" F% AHEE cyclohexanoned)E
4= 9lt}. o]zt AFZHE cyclohexanoned AA
F Ao 4 cyclohexanole] F7HAE EA3A =t}
= ApAE o4 4 9lglt) Cyclohexyl hydro-peroxide
S uke-E2 39S 9 one/ol H]7} cyclohexaned
HREER 31ge e} fARE g JHAR turn
overs 4 cyclohexaned ¥MSE2 39S #A$8
o oS- 2 AE & F sledl, o]24-F cyclohexyl
hydroperoxide”} cyclohexanones} cy-clohexanol ¢
FHAS AR A&

3.5. 827|3*(Reaction Mechanism)

Adamantane® secondary$} tertiary A
AAT e 3RS AEA AR WA
7} radical = non-radical & F o] 7lo]
gzl gy g uER AF ol4EHR 9l
ate) whS-o| radical AE2E AN FE Abshit
o] AAEL tertiary $X|7} AbstE ZAo] &
A 7elc). Adamantane®] ¥-3 AR 7}

$dl 2-adamantanone® 2-adamantanol® secon-

=Ry
F o ju

tlo ojo

dary AAEo]9, l-adamantanol & tertiary BAE
olt}. Fig. 5ol adamantaned ¥HEEZ 39l
vhS A7k Adkel 2 A ES REE RF R

15
= OH
£
g 1.0 —O— 1-Adamantanol
g OH
g —&— 2-Adamantanol
a 0
S ~—— 2-Adamantanone @’
g
§ 0.5

0'0 1 il

0 20 40 60 80 100
Reaction time(min)

Fig. 5. Product distribution as a function of the reac-
tion time. Adamantane; 0.11M, Fe(II);
3.94mM, HOOH; 0.68M, and temperature 25C.

of

A3, A5A A 235, 1994

oot

Py
e

3o
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acid FEAZ FAHE Z33Ed 93 non—radi
cal Heje] A2E A BAsE H FAksrad]
]38 AbslE|e] cyclohexyl hydroperoxide® 3%
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Table 6. Effect of BHT Addition on the Reactivity®

BHT(mmol) Yield(mmol) Turnovers
0 6.1 21.8
0.9 4.8 17.1
3.6 4.5 16.1

a) Solvent pyridine+acetic acid(35ml, 1.8:1 volume
ration pH 5.3), cyclohexane 46mmol, Fe(II)
0.28mmol, HOOH 29mmol, and temp. 25°C
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Fig. 6. Proposed overall reaction mechanism.
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1. Cyclohexane #-% Al3}uls-9] BAEL cyclo-
hexanone3} cyclohexanolo]¢} o ™, cyclohexaneol]
gk As}8-e 10~20%, one/ol ratiox 3~100]g]
t}.

2. Fe(1I)/picolinic acid 4538 FA== Zu)
Ao &AL %3l picolinic acid SEA=
pyridine®] ortho $JZ|el carboxyl”])7} X35 &7}
=9}
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OOH O
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