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Abstract

The oxidation of C-H bonds constitutes one of the most important
transformations in organic synthesis. Metal-oxo species has long been
investigated for the activation of unreactive hydrocarbons. Recently,
(salen)Mn(Il) complexes has been utilized for the epoxidation of olefins,
where manganese-oxo species have been considered as the active
intermediate. As a part of our reseach on the application of salen-manganese
complexes in the oxidation chemistry, we decided to investigate these

catalysts for the C-H bond activations.

R R’ catalyst R R
HH oxidants

cat.=

A
\M,,/N = t-Bu. = t-Bu.
= Cl = H
A 4 A
= Cl = Cl
B

racemic (salen)Mn(111)Cl complexes

We have studied (salen)Mn(I)CI catalysts which have different electronic
and steric properties. We also screened various oxidants to find the

optimized oxidation procedure. Different type of organic hydrocarbons were



examined as the reaction substrates. We tried to explain the experimental
observations based on the proposed reaction mechanism. This study provides
an efficilent and mild svnthetic procedure for the oxidation of hydrocarbon,

especially benzylic ones.
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t-Bu
cat.
m-cpba
GC
GC/MSD
UV

Me

eq.

rt
EtOAc
Ph

BHT

Symbols and Abbreviations

tert-Butyl

catalyst
m-chloroperoxybenzoic acid
gas chromatography

gas chromatography / mass selective detector
ultraviolet

methyl

equivalence

room temperature
ethylacetate

phenyl group, CsHs-

2,6-di-t-butyl-4-methvlphenol
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Cat.
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Substrate

+

8% Cat.

+ 3.0NaOCl
(buffered to pH 11.3)

CH,Cl,

N

00C 4h

Table 1. Screening of (Salen)Mn(III) Complexes for the Catalysts

>  Product

Entry Substrate Catalyst Conversion(%) 2 Product Yield(%)b
]
1
N CH, 1 # CH, o3
O
2 2 24 99
3 3 12 95
4 4 7 93
c OH
5 @ 1 ’ @ @ g
OH
(73:27)
6 2 13 (63:37) 89
7 3 12 (6535) 87
8 4 12 (51:49) 92




* Based on GC analysis
® GC vyield based on the converted substrate with dodecane as an internal
standard

«

"~ Products were identified by GC-MS analysis

9 AFAoA Cat 1 ° Conversion(2%)7F 71 4338 4 4+ AU Cat
2€ Yield(%)7} 718 432 #E 4 F ANH. "ty B AP b g A
o] &0]3 Cat 15 °| &3t C-HAHS 4h3ur8L 533 35Yct.

2. Benzylic C-HE 9] Agwt 3o ni= A8 712 4%

Benzyvlic C-HZA®S 43t whgo] rpixle 9L A¥E7] 935i9
Isochromang Z2EFZ 935S AS3AY. vge 28494 Scheme |
M KXol (Salen)Mn(ICIE FwF 7}st NaOClE& Arspal2 o] Abguj
AolAM +a3IAth 4% pHe NaHCOs2 3J7bstd 2™ st ot

CH.Ch
o + 8% (SalemMn(IINC] - 3 eqiv. Oxidants
N., T 0




1) Oxidantse] ©& <3

Table 2. Screening of Oxidants in the Benzylic C-H Activations

Entry Oxidant T(C) Reaction Time(hr) Yield(9%6)!
1 NaOCl 0 4 95
b NaOCl 0 4 <5
3 H.0, rt 22 90
4% H.0: rt 20 83
5 Oxone 0 5 49
6 n-Bu;NIO, 0 6 25
7% 02 / MesCH=0 rt 19 <2

* Yield determined by GC analysis with an internal standard.
 Reaction run without the catalvst(Scheme 1),

“ Methanol was used as a co-solvent,

d N-octylimidazole (0.2~0.5 eqiv.) was added.

 Acetonitrile was used as a solvent instead of dichloromethane.
' Buffer(pH 9.0) solution was used as a co-solvent.

® Benzene was used as a solvent instead of dichloromethane.

Taple 2914 B # Qxo] & 712 43AE F NaOClo $go] 713
¥3FE ¢ F Utk I catalystiScheme 1E ALE312] @3 Ar3A|
NaOClIthg At83te 712§ WA HE ool diifo] Az gx Qe
€ B 5 UH. ololl ¥t catalyst(Scheme 18] Zajstol e Arzlurg
ZF dolvt UeE ¥ F AW F NaOCIE A3tA o] 2k NaOCl I R}A|ato
2= 713E& A4 BT, @b catalyst(Scheme 1)S 2 ukL ) o)
F8F Az A7z RA4EE ¥ F A9 H.0.E co-solvent(Methanol
Dichloromathane = 1 : 1)l A 2 22t Ag =832 4 = g}

I

Lo

-8-



HELEE 0ColA HEAHL o 718 £ AHAE 71ASRY. o] L
A NaOCl¥2 3 mol eq. 2% AFHoZ w5}

2) pHel @2 3

Table 3. Sodium hypochlorite(bleach) as the Stiochiometric Oxidant.

Entry NaOCl Type® Yield(%)®
1 A 67
2 A + NaHCOs(3:1, pH 9.3) 81
3 A + NaHCOs(2:1, pH 9.1) 74
4 A + NaHCOs(1:1, pH 8.7) 77
5 B 95
6° B 57

* Type A : house bleach(Yuhanrox), Type B : phosphate buffered(pH 11.3)
bleach.

* GLC yield using dodecane as_an internal standard.

 Reaction using EtOAc as a solvent instead of dichloromethane.

NaOCl9] A3t wkgolo] pHol wet thzm 678 uweae pHE
NaHCOs2 233 pHZE Eolyeol wWal £8o] FasfAL & 5 U,
pH 11.3(phosphate buffered)sl M 7} 4¥3d € ¢ 4+ YYD, £3 CH.ClL &
el A EtOAcol A Btk 80 28 ¢ F AU

3) 71E(Substrate)oll @& C-H A2 Arziurg
Y whg 2de) mal 432 A ¥ 7)AS L Table 49 2},



CH,Ch
Substrate + 8%(Salen)Mn(III)Cl + 3.0 NaOCl ————— Product

(bufferedtopH 11.3) N, °c, 4hr

Table 4. (Salen)Mn(Il)Cl-Catalyzed Oxidations of C-H Bonds

Entry Substrate Conversion (%) 2 Product Yield(%a) b

1
o
S o e -
o]
o]
: o T
o
[o} o
(o]
[
5 @\,cm 43 ©\rc“‘ 93
o]
‘ 13 QD »
o}
OH
(73.27)
(o]
8 ©:\(0 0 E)j\i\fa No Reaction
o o

* Based on GC analysis.
" GC yield based on the converted substrate with dodecane as an internal

-10 -



standard.

“ Isolated vield.

150 equiv. of NaOCl was used.

¢ 4-phenylpyridine N-oxide (0.2 equiv.) was added

v A3E AR, dAF v A FEE benzylic C-HE A A3ty
& ¢ ¥ Uentry 1-4). 234 B3 benzylic C-HE A¥82A YoM &
& WAL Bola thlentry 5-6). FF o] BE L AL AxHool st
Adztatck. A27E B3 benzylic C-He ¥hgAo]l UeElIR FUthentry 8).
mebA A HA Absbubgoe] AW T itk saturated  hydrocarbon$!
adamantane®] 4F3t¥rE-& A= Ythentry 7). °o] A$ wrE AL =2 Qo
t, 33 C-H avtivation®] 4 g2 AHHA AT vg HHL Ho
T Ao
of Hrg2 ¢ 231% A wHAY C-H7} BARPo2ZA, 48
Aggetgo] 51 Qloky BoEG, B9 ©@E 9L uwggde ooz
2 AT E Bt WHAIA Yrtel dgn mddch

e

o

3. ¥ w7lU S g3 nF

¥8o) 7 ZE o2 Mn=O7b T ¥ wgo] Fei@gn 4zuch $4 @ W

9 cycle2 dFo] FAEL, AHE YFL OATH Aldlso] slzrdz W
o W F dEL A9 detectHA Lo, YFo| 2R dR WHHE FH
< i mE FHHolzty AdET HAZ YFL Wz AHANM AFAAL o, o

S A7 7l2E 939 BEFAY 2o} glolx REHoz A3l g ©E
3} tHScheme 5).
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100
oxidation with 5% catalyst

80

Yield (%) of &0
acetophenone

40

oxidation without catalyst

2 4
Time (hr)

Scheme 5

o] ¥ FUAZA radicale] FHFctn BYEELh I o]§Z radical
scavenger2 %21 % BHT(2,6-di-t-butyl-4-methylphenol) & H7}5ta wlgg 28
AL 35, A gl AAHA ¢SS FFYHA ().

3.0 Naoc!
5% Cat.
+ 0.2BHT ————» (1)
0 CH,Cl, o
0°C, N, 3
<5%

Aot 2L ZHE TSl ethylbenzened] 7%, Scheme 67 Z& w%
ZhiE ol A=A
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1. gubaQl uy

Eoh2 A3 (Salen) Mn(Il) Complexs 2 AYANM @Astgm, Az
ol AHEE AN FH(substrate)EL  Aldrich AE L AMREY) Thin-Layer
Chromatography (TLC)E E. MerckAl # &2 precoated silica gel aluminium
sheet (Silica Gel 60F-254. 0.2mm S7)& AMS-3}Ath TLCACIA 2ad E3S
< &8 A UV lampE AH-stAY E& Visualizing agent® sprayst 3
plateg  7tEst3Th.  Visualizing agent® 3%KMnO, 20%K.CO; 81
0.25%NaOH-2 &3 84L& A8s9ct. UV-Visible Spectrophotometer=
KONTRON Instruments®] UVIKON 8608 A}£3}9ch Column Chromatography
€ 98 silica gel 60 (230-400mesh E. Merck)& AM83tth T3 Ale g ZE &
s Zde wo) mat FASA AFsY T NaOCl(House bleach, Yuhanrox)<
AHE-3E7] Mol 0= AYYoR ¥TE ZHsld WIHTo) BT ALY
GC/MSD  (Gas chromatography/ Mass selective Detector)= HEWLETT
PACKARD Co.9] HP 58%0 GC 2del capillary column(HP-5)& 3 2}sta] A}4 3}
At

2. (Salen)Mn(I)C19 ©A

Round bottom flaskel salicylade(Aldrich, 2.44g, 20mmmol, 2.0egiv.),

t-diaminocyclohexane(Aldrich, 1.14g, 10mmol, legiv.), ethanol(150m1)& ¥ 11,

_14_



BOU A 50 FF refluxrl 73, 33% H.S0: B W&g 78 508 F< 90T
E FAAUHTLCZ ¥HEE follow-up). ¥HE mixture® AL 2 cooling Al
Zl ¥ rotary evaporatorol A solvent® A AH Al7lth ojm) A THE ethanol
2 washing3dt2, vacuumdtel M dryAlZith @ @M el Salen ligand(2.283g,
71.06% yield) & @AT.(UV-Visible : A 317nm)

Three-necked flaskel Mn(OAc), - 4H-0(3.56g, 145 mmol, 3eqiv.)$}
ethanol(34mDE ¥ol =<t dellM T4 Salen ligand(1.56g, 4.85mmpl,
leqiv.)& toluene(14.1ml)& * 9 additional funneldl ¥ 3, 2027t A A
3] 7}&}. o] mixtured 80~85ColA 2413t refluxA 712, 1A13F Air bubbling
¥ saturated NaCl(brine solution)& 7}3tx, dLolM WA 3, separatory
funnelel A toluene(17mD& Ho F £:23 F {71%28& d=ct. brownH 9
organic layerE water(27.2xX3ml)® brine solution(27.2mez MolE
CH2CL(16.5mD)® haptane(16.15ml)& ¥ o rotary evaporatordlA 52 AT
concentrate3tr},

Ice batholl A 208 X #AAZ F vaccum filteration A7) dry3dtc}. :

brown 2] solid(1.354g, 66% yield)& @ATH(UV-Visible : A mu 399.29nm)

3. Standard Oxidation Procedure

Round bottom flaskel substrate, solvent, ZujE 2 Y& F, NaOCl
solutiong& ¥t 0C(ZFFR)NAM N; balloon€ I 2~3¥ flushshE o,
W88 E& 4~5hr stirring A7t 9L 3E mixtured] @] H,09 diethyl
ether& %ol A, organic layer® £ 3tt}. Organic layer® brine solution® 2
HolE §H, 4 MgSO,2 dydth. MgSO;E filterdt ¥, solvent= evaporator

2 @H B, crase mixtureZ flash chromatography 2 purify3+t}.

-15-



4. NaOCl® F%(Clb%) 23

CLo FE= B =HAHYL olgsle ZHYsHT. o] W ALEE ANk

g 2o

NaOCl + 2KI + 2HCl — 2KCl + NaCl + H:0 + L
NaOCl + 2HCl — NaCl + H:0 + L,
Z2KI + Cl; — 2NaCl + I, (dark brown)
I, + 2Na;S;0; — 2Nal + NapSi0s  (colerless)

Clz = Iz = ZNBQSQOB

27 2L procedured wat BAME o)

@ sample(NaOCI-$€-9, house bleach) 10mL &3

@ 1.7845g KI, 0.92mL HCI37%)& 7}3ted A =bx)

@ fral® LE 0.1N Na;S;0; standard soln.&2 titration — V mL
A 2FHE QoW FEE UgF} Zo] Alarg Holg)

0.1IM NazS;03 1269mLell %=+ NaOCl moles?

0.1Immol NapS;05 Immol L 1mmol NaQOCl
1269mL NaS,0; 89 x X X
ImL &9 2mmol Na,S;04 lmmol I
= 6.345mmol NaOCl
6.345mmol
* NaOCl ¥k = = 06345 M (FEFGAZ = 4.13%)
10mL £

-16-
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Figure 1. GC Spectra of Oxidation of Ethylbenzene Using NaOCl as an Oxidant,
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Figure 3. GC Spectra of Oxidation of Ethylbenzene Using NaOCl as an Oxidant, Cat 3,
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Figure 4. GC Spectra of Oxidation of Ethylbenzene Using NaOCl as an Oxidant,
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Figure 14. GC Spectra of Oxidation of Isochrman Using Oxone as an Oxidant.
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Figure 24. GC/MSD Spectra of Oxidation of Isochroman Using NaOCl as an

Oxidant.

-40 -



Abundance TIC: CSL3.D
11)93

2000000 |
14.16

e

1000000 4 10.13

o 1]

T

S— SRS WSS SUUDNS T SO
Time--» 4.00 6.00 .00 10.00 12.00 14.00 16.00 18.00 20.00 22

Abundance Scan 929 (14.160 min): CSL3.D (¥)
118
|
8000 | 90
6000 |
148
4000 |
2000 63 1
39 S1
77
59 103 l
o—v—r—r'rL—v‘lJ‘ !Iv ‘lx|‘r—rl1'!J'L.va.]'5|fy s 1'?.;.']:1 ”115‘0”‘
n/z--> 3o 40 50 60 70 80 90 100 110 120 130 140 150

Figure 25. GC/MSD Spectra of Oxidation of Isochroman Using H:O; as an
Oxidant.
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Figure 26. GC/MSD Spectra of Oxidation of 9,10-Dihydroanthracene Using
NaOCl as an Oxidant.
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Figure 27. GC/MSD Spectra of Oxidation of 9-Hydroxyxanthene Using NaOCl

as an Oxidant,

-43-



600000 |
— D
500000 |
400000 |
@\ou
300000 |
200000 ] ,/// oH
11.64
100000 | ‘///,/’
0.,f,,,],rl,‘11,,..‘ e
Time--> 5.00 10.00 1500 20.00 25.00
Abundance B¢an 466 (8.604 min): CSL119.D (*)
136
8000 |
6000 |
79 93
4000 |
1
39 67 $4
2000 |
53 ; ' ‘ 107 121
1
: Y T AV |
SRS | FRSRSI 1 SSNE ] |WNN 111 NSO [t PN || RN
m/z--> 70 40 S50 60 70 80 90 100 1i0 130 130 140

Figure 28. GC/MSD Spectra of Oxidation of Adamantane Using NaOCl as an
Oxidant.
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Figure 29. GC/MSD Spectra of Oxidation of Phthalide Using NaOCl as an

Oxidant.
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