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The oxidation of alcohols was performed successfully in a disperse system with N-oxyl-adsorbed or immobilized
silica gel as a disperse phase and aqueous NaOCl as a disperse medium. In the disperse system, the oxidation of sec-
alcohols afforded the corresponding ketones, while prim-alcohols were oxidized to aldehydes and/or carboxylic acids
depending on their structures and reaction conditions. The N-oxyl-immobilized silica gel was recovered and repeatedly
used without a significant change in the product yields. A column-flow system was also investigated for the oxidation of
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alcohols by use of a newly devised column packed with the N-oxyl-immobilized silica gel.

The oxidation of alcohols to carbonyl compounds is a fun-
damental reaction frequently encountered at all levels of or-
ganic synthesis.! There have been numerous reported methods
and reagents for this conversion. Various kinds of oxidants,
such as chromium reagents,2 activated DMSO,? Dess—Martin
periodinane,4 manganese(IV) oxide,’ ruthenium reagents,6 or-
ganobismuth reagents,7 and osmium(VIII) oxide,® have been
used as stoichiometric oxidants. These reagents, however,
are expensive and/or toxic, frequently producing troublesome
wastes. To solve these problems, many combinations of metal
catalysts, such as ruthenium,” copper,'® chromium,'! tung-
sten,'”> and palladium,'3 with cheap and/or environmentally
friendly terminal oxidants, such as oxygen, hydrogen peroxide,
hypochlorite, and bromate, have been developed.

On the other hand, stable organic nitroxyl radicals such as
2,2,6,6-tetramethylpiperidin-1-oxyl and its derivatives (N-
oxyl) as metal-free catalysts have been used to mediate the
mild and selective oxidation of alcohols in combination with
the appropriate terminal oxidants.'* Numerous terminal oxi-
dants, such as sodium hypochlorite (NaOCl),"> m-CPBA, ¢
sodium bromite,'” sodium chlorite,!® t-butyl hypochlorite,19
oxone,” NCS,?! iodine compounds,?? trichloroisocyanuric
acid,”® and combinations of oxygen with a high-valent metal
co-catalyst?® and hydrogen peroxide with methyltrioxorheni-
um,? have successfully been employed. The N-oxyl-mediated
electro-oxidation of alcohols has also been investigated as an
environmentally benign method.?

The N-oxyl-catalyzed oxidation of alcohols using NaOCl as
a terminal oxidant was first reported by Anelli and co-workers,
and has been widely used in organic synthesis.!> The oxidation
of prim- and sec-alcohols to the corresponding aldehydes and
ketones was performed selectively in a two-phase system com-
prised of a CH,Cl, solution of alcohols containing a catalytic
amount of N-oxyl and an aqueous solution of NaOCI contain-
ing KBr as a co-catalyst with NaHCOj as a buffer, respective-
ly. Actually, this catalytic process holds much promise for
practical applications due to its high catalytic efficiency, mild

reaction conditions, and pronounced selectivity.?’

Anelli’s protocol, however, has some disadvantages in a
practical sense: (1) environmentally troublesome organic sol-
vents, such as CH,Cl,, are mainly used, (2) the presence of
a bromide salt is indispensable as a co-catalyst, which some-
times brings about contamination from undesired brominated
by-products, (3) the workup process is not simple because
the products are always contaminated with N-oxyl. To simplify
the workup process and to use the N-oxyl compound repeated-
ly, several N-oxyl-immobilized solid materials such as poly-
mer particles,”® MCM-41,% and silica gel*® have been synthe-
sized and employed in Anelli’s oxidation. The oxidation of al-
cohols mediated by thus far reported solid-supported N-oxyl
compounds is always carried out in an aqueous NaOCl/organ-
ic solvent (CH,Cl,) two-phase system. These processes are not
necessarily satisfactory in terms of environmental stress aris-
ing from the use of organic solvents. To avoid the use of trou-
blesome organic solvents, the N-oxyl-catalyzed oxidation of
alcohols in aqueous NaOCl free from organic solvents was re-
ported, but limited to the oxidation of water-soluble carbohy-
drate derivatives.?!

Recently, Bobbitt and co-workers reported that silica gel
could significantly facilitate the oxidation of alcohols with a
stoichiometric oxoammonium salt.’> This finding promoted
us to develop a newly devised disperse system with silica
gel as a disperse phase and water as a disperse medium for
the oxidation of alcohols. In a previous paper, we reported a
silica gel/water disperse system for the N-oxyl-mediated elec-
tro-oxidation of alcohols without use of any organic solvent.?
In our continuing work, we found that the N-oxyl-mediated ox-
idation of alcohols with aqueous NaOCI proceeded smoothly
in a similar disperse system free from organic solvents and
in the absence of a bromide salt. Herein, we describe that with
N-oxyl-adsorbed or immobilized silica gel as a disperse phase,
the oxidation of alcohols in aqueous NaOCI could be per-
formed successfully without bromide salt. The N-oxyl-immo-
bilized silica gel could be recovered and used repeatedly. A
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newly devised column-flow system for the oxidation of alco-
hols using the N-oxyl-immobilized silica gel is also described.

Results and Discussion

The Oxidation of Alcohols in an N-Oxyl-Adsorbed Silica
Gel/Aqueous NaOCl Disperse System. The N-oxyl-cata-
lyzed oxidation of alcohols was carried out in a silica gel/wa-
ter disperse system free from organic solvents, in which N-
oxyl-adsorbed silica gel was used as a disperse phase and an
aqueous NaOCl solution containing NaBr and NaHCO3; was
used as a disperse medium. A typical procedure is as follows.
A mixture of 1-(4-chlorophenyl)ethanol (1a, 1 mmol), 4-ben-
zoyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl (3a, 0.01 mmol),
and silica gel (1.0 g) in aqueous NaOCI (0.22 M, 1.1 equiv)
and aqueous saturated NaHCO3; (2 mL) containing 10 mol%
NaBr was stirred at 0 °C (ice bath) for 0.5 h. The mixture
was filtered and the disperse phase (silica gel) was washed
with acetone. The GC analysis of the washings showed the for-
mation of the corresponding ketone 2a in 92% yield. Only 1%
yield of the ketone 2a was obtained by extractive workup of
the aqueous filtrate with ethyl acetate (Table 1, entry 1). It is
interesting to note that no appreciable change of the product
yield was observed even in the absence of a bromide salt
and/or NaHCOs (entries 2—4). This fact is in sharp contrast
to Anelli’s protocol (CH,Cl,/aqueous NaOCl two-phase sys-
tem), in which the reaction does not efficiently proceed in
the absence of NaBr and/or NaHCOj (entries 7 and 8). The
presence of a catalytic amount of N-oxyl compound 3a was in-
dispensable. Thus, only a 23% yield of the ketone 2a was ob-
tained (entry 5) without 3a.

It is likely that substrate la, product 2a, and the N-oxyl
compound 3a are mainly adsorbed on the silica gel during

Table 1. N-Oxyl-Mediated Oxidation of Alcohol la with
Aqueous NaOCl

PhCO, N-O-

OH 3a (1 mol%) 5 j’\
R Aqg. NaOCI (1.1 equiv) R
la(1mmol)  gjica Gel (1.0 g), NaBr ~ 2a
R = 4-Cl-CgHq4 Ag. sat. NaHCOj;
0°C,0.5h
Entry Media NaBr NaHCO; Yield Reclov.

mol% mL %) %™
1 Si0,—H,0 10 2 93 3
2 Si0,-H,0 10 — 90 —
3 Si0,—H,0O — 2 88 11
4 Si0,—H,0 — — 96 —
5 Si0,~H, 0" — — 23 73
6 CH,Cl,-H,0? 10 2 89 11
7 CH,CL-H,09  — 2 37 62

8 CH,Cl,-H,0? — — <1 99

a) Yields were determined by GC. b) Disperse system with
silica gel (1.0 g) as a disperse phase and aqueous solution
(5-7 mL) as a disperse medium. c¢) Without 3a. d) In a two-
phase system comprising CH,Cl, (2 mL) and aqueous solution
(5-7 mL) (Anelli’s protocol).

Oxidation of Alcohols in Silica Gel/Aq. NaOCl

the course of the oxidation. Indeed, most of 2a and 3a were ob-
tained from the washings of the silica gel with acetone.

A plausible reaction mechanism is as follows: The oxidation
of N-oxyl compound 3a adsorbed on the silica gel with NaOCl
would give the N-oxoammonium salt, which would, in turn, re-
act with alcohol 1a to give the corresponding ketone 2a and
hydroxylamine on the silica gel surface. It has been reported
that in Anelli’s procedure, the oxidation of the alcohol is very
slow at the pH of commercial aqueous NaOCl (pH 12.7), while
at pH 8.6 (buffered by NaHCO;) the reaction proceeds
smoothly, presumably because at pH 8.6, a significant amount
of HOCI (pK, 7.53) would be distributed between the aqueous
and organic phases (Eq. 1).">** The presence of NaBr is
also effective for promotion of the oxidation presumably due
to the formation of the more powerful oxidant HOBr
(Eq. 2).">% In contrast, in the silica gel/aqueous NaOCI dis-
perse system, the oxidation of alcohol 1a proceeded smoothly
without NaHCO3 and NaBr to afford the corresponding prod-
uct 2a in good yield. In this case, the oxidation of alcohol 1a
would take place at the interface between the silica gel and the
aqueous phase, where NaOCl would partially react with the
Si—OH moieties of the silica gel to give HOCI (Eq. 3). Thus,
locally formed HOCI would react smoothly with the in situ
generated hydroxyamine to afford the N-oxoammonium salt.
The high concentration of HOCI, 3a, and alcohol 1a on the
silica gel adsorption layer would facilitate each of the steps
of the reaction.

NaOCI + NaHCO3 == HOCI + N32CO3 (1)

HOCI + Br < HOBr + Cl 2)
| |

NaOCI + —S||—OH <=—= HOCI + —s||—ONa 3)

The newly devised silica gel/aqueous NaOCI disperse sys-
tem was successfully applied to the oxidation of various alco-
hols (Table 2). The oxidation of benzylic sec-alcohols 1a-1d
proceeded smoothly to afford the corresponding ketones 2a—
2d in good yields (entries 1-4). The oxidation of 1-(4-methoxy-
phenyl)ethanol (1e) proceeded less effectively (entry 5), pre-
sumably due to the electron-donating nature of the p-methoxy
moiety. An increase in the amounts of NaOCl (3.5 equiv) and
the N-oxyl compound 3a (5 mol%) resulted in the formation of
the corresponding ketone 2e in good yield (entry 6).

The oxidation of aliphatic sec-alcohols 1f—1i proceeded less
effectively. Thus, oxidation of 1f under similar conditions to
those described above afforded the corresponding ketone 2f
in 77% yield together with the recovered alcohol 1f (10%) (en-
try 7). The yield of ketone 2f increased to 93% by use of an
excess amount of NaOCI (3.5 equiv) (entry 8). The oxidation
of alcohols 1g-1i similarly performed with 2.0-3.5 equiv of
NaOCl for 12 h afforded the corresponding ketones 2g-2i in
70-92% yields (entries 9—11).

The benzylic prim-alcohols 1j—-1m were selectively oxi-
dized in the silica gel/aqueous NaOCI disperse system to give
the corresponding aldehydes 2j—2m in 65-92% yields (entries
12-15). The oxidation of 4-methoxybenzyl alcohol (11) gave
the corresponding aldehyde 21 (66%) together with a small
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Table 2. Oxidation of Alcohols in an N-Oxyl-Adsorbed Silica Gel/Aqueous NaOCl System

N-Oxyl3a NaOCl Time Yield Recov.
Entry Substrate - Product
mol% equiv h %™ %®)
OH o)
1 /@2\ 1 1.1 0.5 /@A 91 —
o] la o 2a
2 ™ 1 1.1 0.5 i 82
Ph ’ ' Ph)k o
1b 2b
OH o)
3 Q)\ 1 1.1 0.5 Q)K 9 —
tBu 1le tBu 2¢
OH o]
4 @ 1 2.0 05 @é g4 —
1d oH 2d o
5 1 1.1 0.5 309 18
MeO le MeO 2e
6 1le 5 3.5 0.5 2e 84 —
OH o)
7 PhA)\ 1 1.1 0.5 F’h“)k 77 10
1f 2f
8 1f 5 35 0.7 2f 93 1
9 ™ 5 2.0 12 i 71 27
Pent Pent Pent)J\Pent
g 2g

OH O
10 Q 5 20 12 g S R—
+Bu 1h +Bu 2h

1 Z%/OH 5 35 12 Z%o 70 6
1i 2i
CHO

12 J@A OH 1 2.0 0.5 . 2 —
cl 1j 2j

cl
OH CHO
13 @A 1 11 0.5 Q 88 1
t-Bu 1k +Bu 2k
CHO
OH o
14 MeO 11 5 1.1 0.5 oo 21 66 6
S—"OH g._CHO .
15 A 1m 5 1.1 2 L am 63 5
!
16 Ph/\I;\OH 1 1.1 0.5 Ph dn OH 45f) 27
17 In 1 35 0.5 4n 99 —
13 1-C1oH21CH,O0H 5 2.0 2 n-C1oH21C(O)OH 799 _
1o 40

a) Isolated yields. b) 2,2-Dichloro-1-indanone (5, 7%) was obtained. ¢) 1-(3-Chloro-4-methoxy-
phenyl)ethanol (6, 9%) and 1-(3-chloro-4-methoxyphenyl)-1-ethanone (7, 7%) were obtained.
d) The corresponding carboxylic acid 4l (6%) was obtained. e) Refs. 36 and 37. The corre-
sponding carboxylic acid 4m (11%) was formed. f) The corresponding aldehyde 2n (12%)
and Ph(CH,),C(O)O(CH,)sPh (8, 2%) were formed. g) The corresponding aldehyde 20 (4%)
and CH3(CH,)9C(O)O(CH,),0CHj3 (9, 2%) were formed.
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amount of the carboxylic acid 41 (6%) and the recovered alco-
hol 11 (6%) (entry 14). Although the yield of 21 is not satisfac-
tory, it is interesting to note that this result is much better than
Anelli’s procedure, in which only a 30% yield of the aldehyde
21 was obtained (conversion: 62%).'?

On the other hand, the oxidation of the aliphatic prim-alco-
hol In gave a mixture of the corresponding carboxylic acid 4n
(45%) and aldehyde 2n (12%) together with the recovered al-
cohol 1n (27%) (entry 16). The carboxylic acid 4n was ob-
tained almost quantitatively when the reaction was carried
out with 3.5 equiv of NaOCI (entry 17). 1-Undecanol (10)
was oxidized with 2.0 equiv of NaOCI to afford the corre-
sponding carboxylic acid 40 in 79% yield (entry 18). In
Anelli’s protocol, a phase transfer catalyst, e.g., Aliquat 336,
is indispensable for obtaining carboxylic acids from the
corresponding prim-alcohols. Otherwise, aldehydes are mainly
formed. '

The Oxidation of Alcohols in an N-Oxyl-Immobilized
Silica Gel/Aqueous NaOCI Disperse System. Although a
catalytic amount of N-oxyl was enough to complete the oxida-
tion of alcohols 1 in the silica gel/aqueous NaOCl disperse
system, appropriate isolation and purification procedures were
always needed to obtain the products 2 and to recover N-oxyl.
In order to simplify the workup process as well as to use the N-
oxyl compound repeatedly, N-oxyl-immobilized silica gel was
prepared and used as a recyclable catalyst.

The preparation of N-oxyl-immobilized silica gel 12 was
performed in the manner illustrated in Scheme 1. A mixture
of commercially available 4-amino-2,2,6,6-tetramethylpiperi-
din-1-oxyl (3b, 10.0 mmol) and silylating reagent 10 (10.5
mmol) in benzene was stirred at room temperature for 9 h to
afford the corresponding urea 11. To this solution was added
silica gel (10.0 g), and the whole mixture was heated to reflux
for 60 h. Finally, the silica gel was rinsed with hot benzene us-
ing a Soxhlet’s extractor for 8§ h to give the N-oxyl-immobi-
lized silica gel 12 as a pale orange solid. In the IR spectrum
of 12, characteristic bands at 2924, 2855 cm™' (Vc_g), and
1570 cm™! (vc_o) were observed, indicating that the N-oxyl
moiety (0.64 mmol/g) was immobilized on the silica gel sur-
face through a urea bond.*®

The oxidation of alcohols 1 was carried out in a disperse

(Et0)3Si(CH»)3NCO
10
HoN N-O-
Benzene
room temp., 9 h
3b
I
(EtO)3Si-(CHy)3-NH-C-NH N-O-
11

Silica Gel Benzene

Benzene, reflux, 60 h Soxhlet's Extractor, 8 h

N ?
) oSt (CHalgNH-G-NH N-O-

12

Scheme 1. Preparation of N-oxyl-immobilized silica gel 12.

Oxidation of Alcohols in Silica Gel/Aq. NaOCl

T
R'” "R?
1 ‘ N—Oxyl-immobilized’
Silica Gel 12
Washing
o _\with Acetone
Silica Gel
Oxidation
Disperse| Filtration Acetone
System Solution
Evaporationl
O
Aqueous Aqueous R'” "R2
NaOCiI Solution 2
Fig. 1. Oxidation of alcohols in an N-oxyl-immobilized

silica gel/aqueous NaOCl disperse system.

system with N-oxyl-immobilized silica gel 12 as a disperse
phase and aqueous NaOCI as a disperse medium (Fig. 1). A
typical procedure is as follows: A mixture of benzylic alcohol
1a (0.5 mmol), 12 (0.5 g), and aqueous NaOCl1 (0.50 M, 1.1
mL, 1.1 equiv) was stirred at 0 °C for 0.5 h. The mixture
was filtered, and the disperse phase (the silica gel 12) was
washed with acetone. The washings were concentrated to give
the corresponding ketone 2a as the sole product (>99% pure
on GC analysis). Subsequent short-path chromatography
(Si0,, hexane/AcOEt = 5/1) afforded a 92% yield of 2a
(Table 3, entry 1).

The oxidation of 1-indanol (1d) with 2.0 equiv of NaOCl af-
forded a mixture of the corresponding ketone 2d (37%) and
2,2-dichloro-1-indanone (5, 35%) (entry 2). Most likely, the
high pH value (pH 12.7) in commercial aqueous NaOCl would
facilitate the enolization of 1-indanone (2d), and as the result,
the chlorination of the a-position of the ketone 2d would take
place competitively to afford 5. When a buffer solution (aque-
ous NaHCOj;) was used, the oxidation of 1d proceeded
smoothly to give the corresponding ketone 2d in a 95% yield
(entry 3). 2,2-Dichloro-1-indanone (5) was mainly obtained
(79%) when 1-indanol (1d) was treated with an excess amount
of NaOCl (3.5 equiv) without NaHCOs; for 12 h (entry 4).

The oxidation of the aliphatic sec-alcohol 1f with an excess
of NaOCl (2.0 equiv) for 2 h in a similar disperse system af-
forded the corresponding ketone 2f in good yield (97%, entry
5). A longer reaction time for the oxidation of alcohols 1g—1i
was needed. The alcohols 1g—1i were oxidized with 2.0 equiv
of NaOCl for 12 h to afford the corresponding ketones 2g—2i in
82, 87, and 76% yields, respectively (entries 6-8).

The oxidation of prim-alcohols 1j and 1m was performed in
the N-oxyl-immobilized silica gel 12/aqueous NaOCI disperse
system to afford the corresponding aldehydes 2j and 2m in 89
and 72% yields, respectively (entries 9 and 10), whereas the
oxidation of the aliphatic prim-alcohol 1n in a similar disperse
system afforded a mixture of the corresponding aldehyde 2n
(40%), carboxylic acid 4n (14%), and recovered alcohol 1n
(23%) (entry 11). With an excess amount of NaOCl (3.5 equiv)
in the oxidation of alcohol 1n, the corresponding carboxylic
acid 4n (85%) was obtained selectively (entry 12).
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Table 3. Oxidation of Alcohols in an N-Oxyl-Immobilized Silica Gel/Aqueous NaOCI
Disperse System

NaOCl Time Yield Recov.
- Product
equiv h %) %o

Entry Substrate

OH

O
1 Q)l\a 11 05 Q); 92 —
Cl OH Cl o
@[é 2d 379 1

30 1d 2.0 0.5 2d 95 —
Cl a)
4 1d 35 12 o 79 —
/\;t /\Si
5 PE 2.0 2 Y 97 —
OH (0]
6 Pent)\Pent 2.0 12 Pent)kPent 82 17
1g 2g
OH O
7 /@ 2.0 12 /(:/r 87 12
t-Bu 1h t-Bu 2h

76 9

S OH CHO
10 | 2.0 2 S 729 2
<\Njf 1m < 2m
N
CHO
1 P OH 11 0.5 P e 40" 23
In n
(6]
12 1n 35 0.5 85 —
PhA)kOH
4n
OH
13 PR 0H 45 0.5 PR 75 —
OH 1p O 4p
OH (6]
MeO MeO.
14 I 6 0.5 ]@AOH 81 —
MeO MeO
1q 4q
OH (0]
15 ph)\(F’h 45 6 Ph)g(Ph 83 7
OH (0]
Ir 2r o
OH )
16 oH 45 0.5 o 808 —
1s 2s

a) Isolated yields. b) 2,2-Dichloro-1-indanone (5, 35%) was obtained. c) Aqueous saturated
NaHCO3 (2 mL) was added. d) 1-Indanone (2d, 7%) was obtained. e) The corresponding car-
boxylic acid 4m (15%) was obtained. f) The corresponding carboxylic acid 4n (14%) was ob-
tained. g) Phthalic acid (4s, 19%) was obtained.

Upon oxidation of 1,2-diols 1p and 1q in the N-oxyl-immo-
bilized silica gel 12/aqueous NaOCI disperse system, C-C
bond cleavage occurred to afford the corresponding carboxylic
acids 4p and 4q, respectively (entries 13 and 14), while oxida-
tion of 1,2-diphenyl-1,2-ethanediol (1r) gave the correspond-
ing diketone 2r (83%) (entry 15).3° Under similar conditions,

the diol 1s was oxidized to afford phthalide (2s, 80%) (entry
16).

Recycled Use of N-Oxyl-Immobilized Silica Gel. Next,
the recycled use of the N-oxyl-immobilized silica gel 12 for
the oxidation of alcohol 1a was investigated. Thus, the oxida-
tion of alcohol 1a in the N-oxyl-immobilized silica gel/aque-
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Fig. 2. Recycled use of the N-oxyl-immobilized silica gel 12.

ous NaOCl disperse system was carried out in a similar manner
to that described above. After 0.5 h, the disperse phase (silica
gel) was separated by filtration and washed with acetone. The
GC analysis of the washings showed the formation of the cor-
responding ketone 2a in 95% yield. The recovered 12 was used
again for the oxidation of 1a. The same process as for the first
run was repeated a total of 10 times. As shown in Fig. 2, the
ketone 2a was obtained in good yields even after 10 times re-
cycled use of 12, suggesting that the initial catalytic activity of
the N-oxyl moiety on the silica gel remains intact throughout
the recycled uses.

A Column-Flow System for the Oxidation of Alcohols.
Reactions with a solid-supported catalyst or reagents have re-
ceived significant interests in modern organic synthesis, which
can be adapted to continuous-flow process, and, hence, used in
automated synthesis.*’ The concept of employing solid-phase
reagents packed into columns has recently been explored in
academic chemistry.*! The use of the reaction column greatly
simplifies the purification of the crude reaction mixture, allow-
ing for shorter production times and thus lower costs under
certain circumstances.*!f

The successful oxidation of alcohols in the N-oxyl-immobi-
lized silica gel/aqueous NaOCI disperse system prompted us
to investigate a column-flow system in which the N-oxyl-im-
mobilized silica gel 12 was packed into the column equipped
with a ceramic filter and a three-way cock at the bottom as il-
lustrated in Fig. 3.

~«—— Upper Inlet

.| <«— N-Oxyl-immobilized
. Silica Gel 12
= «—— Ceramic Filter

—<— Three-way Cock
™ Air

Fig. 3. A column-flow system for the oxidation of alcohols.
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100
80
60

40

Yield 2a/%

20

2 3 4 5
Run

Fig. 4. Oxidation of alcohol 1a in a column-flow system in
the presence of NaHCO; (back) and in the absence of
NaHCOs; (front).

The oxidation of 1-(4-chlorophenyl)ethanol (1a) in the col-
umn-flow system was carried out as follows. Into a column
packed with the N-oxyl-immobilized silica gel 12 (1.0 g)
was poured a solution of alcohol 1a (1.0 mmol) in acetone
(2 mL). Most of the acetone was removed by passing air
through the three-way cock into the column. A mixture of
aqueous NaOCl (0.70 M, 5 mL) and aqueous saturated
NaHCOj; (2 mL) was passed through the column, and the elu-
ate (aqueous solution) was repeatedly fed to the column for 1
h. Then, most of the aqueous solution was stripped out from
the column by passing air from the upper inlet, and the silica
gel column was rinsed with acetone. The acetone eluate was
concentrated in vacuo and the residue was passed throw a short
column to afford the corresponding ketone 2a in 82% yield.
The N-oxyl-immobilized silica gel 12 was dried by passing
air from the three-way cock, and then alcohol 1a was loaded
again for the second run. The same process was repeated 5
times, affording good to moderate yields of the ketone 2a in
each of the runs (Fig. 4), indicating that 12 packed in the col-
umn would be reusable for the oxidation of alcohols.

The presence of NaHCO; in the aqueous NaOCI solution
was indispensable. Thus, when the oxidation of 1a was carried
out in the absence of NaHCOs3, a remarkable change of the
product yields was observed. The first and second runs afford-
ed the corresponding ketone 2a in good yields, but in the third
run the yield of 2a significantly decreased to 38%.

The aqueous eluate recovered from the column-flow system
includes NaCl. Electro-oxidation of the recovered aqueous
NaCl solution would regenerate the aqueous NaOC] solution.*?
Acetone used for loading of the substrates and elution of the
products can be recovered and reused. Therefore, one can hope
that the present column-flow system can be operated without
consumption of any chemicals, thereby offering a formally
closed system for the oxidation of alcohols (Fig. 5). Further
investigations on the column-flow system are in progress.

Conclusion

Efficient and selective oxidation of alcohols 1 was achieved
in a disperse system with an N-oxyl-adsorbed or -immobilized
silica gel as a disperse phase and aqueous NaOCl as a disperse
medium. The oxidation of 1 was performed without the use of
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Fig. 5. Formally closed column-flow system.

troublesome organic solvents (CH,Cl,), bromide salts (NaBr),
and/or a buffer solution (NaHCO3;) which are indispensable
for Anelli’s procedure. The N-oxyl-immobilized silica gel
can be recovered and used repeatedly for the oxidation of al-
cohols. The oxidation of alcohol 1a was performed successful-
ly in the column packed with the N-oxyl-immobilized silica
gel. Ketone 2a was afforded in good yield by simple opera-
tions involving: (1) loading of the alcohol, (2) passing of aque-
ous NaOCl containing NaHCOs, and (3) eluting with acetone.
A formally closed system is achieved by recycled use of the N-
oxyl-immobilized silica gel in combination with electrochem-
ical regeneration of NaOCI.

Experimental

General Procedures. All melting points were measured on a
Yanaco MP-J3 apparatus and were uncorrected. 'H and >*C NMR
spectra were obtained with a Varian Gemini 200 (200 MHz for 'H
and 50 MHz for 13C) spectrometer. Chemical shifts (§) are report-
ed in ppm related to TMS ('HNMR) and the solvent signal
(13CNMR), respectively. IR spectra were recorded on a JASCO
FT/IR VALOR-III spectrometer in wave number (cm~'). Only
major absorption bands were compiled. Gas chromatographic
(GC) analysis was performed on a Yanaco G-6800 instrument
with a FID using silica glass capillary column type methyl phenyl
5 (25 m, 0.25 um) (carrier gas N, (26 mL/min); column 100 °C,
injector 270 °C, detector 270 °C). GC yields were determined us-
ing acetophenone as an internal standard. Elemental analysis was
executed on a Perkin-Elmer 2400 Series II CHNS/O analyzer.
Commercially available reagents were used without further purifi-
cation. The silica gel for the disperse phase and for the column
chromatography was Merck Silica Gel 60 (40-63 pum).

The Oxidation of sec-Alcohols in an N-Oxyl-Adsorbed Silica
Gel/Aqueous NaOCl Disperse System (Table 2, Entry 1). A
mixture of 1-(4-chlorophenyl)ethanol (1a, 78 mg, 0.5 mmol), 4-
benzoyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl (3a, 1.4 mg,
0.005 mmol) and silica gel (0.5 g) in acetone (2 mL) was stirred
for 10 min, and most of the solvent was evaporated under reduced
pressure. To this residue was added an aqueous NaOCl (0.11 M, 5
mL, 0.55 mmol) at 0 °C in one portion, and the mixture was stir-
red at this temperature for 0.5 h. The disperse phase (silica gel)
was separated by filtration and washed with acetone. The acetone
washings were combined, dried (Na,SOy), and concentrated in va-
cuo. The residue was chromatographed (silica gel, hexane/AcOEt
= 5/1) to afford 1-(4-chlorophenyl)-1-ethanone (2a, 70 mg, 90%)
as a colorless oil:** "THNMR (CDCl3) 8 2.59 (s, 3H), 7.44 (d, J =
8.4 Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H). >*CNMR (CDCls) 8 26.5,
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128.8, 129.6, 135.3, 139.4, 196.6. IR (neat) 3062, 3005, 2965,
2928, 2854, 1687, 1590, 1572 cm™'. The disperse medium (aque-
ous filtrate) was extracted with AcOEt. The extracts were dried
(Na,;S0Oy4) and concentrated in vacuo. This residue was chromato-
graphed (silica gel, hexane/AcOEt = 5/1) to afford 2a (1 mg,
1%).

In a similar manner, the oxidation of alcohols 1b—1i was carried
out. The reaction conditions and results are compiled in Table 2,
entries 2—11.

Acetophenone (2b).*> A colorless oil. '"HNMR (CDCls) §
2.61 (s, 3H), 7.42-7.57 (m, 3H), 7.98 (d, J = 8.5 Hz, 2H).
IBCNMR (CDCls) § 26.5, 128.1, 128.4, 132.9, 136.9, 197.8. IR
(neat) 3062, 3006, 2980, 2939, 2862, 1686, 1599, 1583 cm™~'.

4'-t-Butylacetophenone (2¢).** A colorless oil. '"HNMR
(CDCl3) 8§ 1.34 (s, 9H), 2.58 (s, 3H), 7.48 (d, J = 8.6 Hz, 2H),
7.90 (d, J = 8.6 Hz, 2H). *CNMR (CDCls) § 26.5, 31.1, 35.1,
125.4, 128.2, 134.5, 156.7, 197.7. IR (neat) 3056, 2966, 2907,
2871, 1685, 1607, 1563 cm™!.

1-Indanone (2d).*> White solids; mp 38—40 °C (lit.*® mp 38—
40 °C). "HNMR (CDCly) 8 2.67-2.73 (m, 2H), 3.16 (t, J = 6.0
Hz, 2H), 7.37 (t, J = 7.5 Hz, 1H), 748 (d, J =7.5 Hz, 1H),
759 (t, J =7.5 Hz, 1H), 7.76 (d, J = 7.5 Hz, 1H). 3CNMR
(CDCl) 6 25.7, 36.2, 123.6, 126.5, 127.1, 134.4, 136.9, 155.0,
206.9. IR (KBr) 3072, 3034, 2926, 2861, 1713, 1611 cm™".

2,2-Dichloro-1-indanone (5).*” Yellow solids; mp 71-73 °C.
'HNMR (CDCl3) 8 4.05 (s, 2H), 7.44 (d, J = 7.6 Hz, 1H), 7.50 (t,
J =7.6 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 7.6 Hz,
1H). BCNMR (CDCl3) § 50.1, 81.5, 126.1, 126.5, 128.9, 130.2,
137.0, 147.1, 191.7. IR (KBr) 3087, 2922, 2864, 1747, 1734,
1713, 1605, 1584 cm™".

1-(4-Methoxyphenyl)-1-ethanone (2e¢).”* A colorless oil.
THNMR (CDCl3) 8§ 2.56 (s, 3H), 3.87 (s, 3H), 6.94 (d, J =9.0
Hz, 2H), 7.94 (d, J = 9.0 Hz, 2H). *CNMR (CDCl3) § 26.3,
554, 113.6, 130.3, 130.5, 163.4, 196.7. IR (neat) 3076, 3006,
2966, 2938, 2841, 1675, 1602, 1577, 1510 cm™".

1-(3-Chloro-4-methoxyphenyl)-1-ethanol (6).** A colorless
oil. 'THNMR (CDCl3) 8 1.47 (d, J = 6.4 Hz, 3H), 1.84 (br s,
1H), 3.90 (s, 3H), 4.84 (q, J = 6.4 Hz, 1H), 6.90 (d, J = 8.6
Hz, 1H), 7.23 (dd, J = 1.8, 8.6 Hz, 1H), 7.40 (d, J = 1.8 Hz,
1H). BCNMR (CDCl3) § 25.2, 56.2, 69.4, 111.9, 122.3, 124.7,
127.4, 138.9, 154.1. IR (neat) 3650-3100 (br), 3363, 2973,
2930, 2840, 1607, 1505 cm™.

1-(3-Chloro-4-methoxyphenyl)-1-ethanone (7).** White sol-
ids. "HNMR (CDCls) § 2.56 (s, 3H), 3.98 (s, 3H), 6.98 (d, J = 8.6
Hz, 1H), 7.88 (dd, J = 2.0, 8.6 Hz, 1H), 8.00 (d, J = 2.0 Hz, 1H).
I3CNMR (CDCl3) 8 26.4, 56.4, 111.2, 122.7, 128.7, 130.6, 135.8,
158.6, 195.6. IR (KBr) 3067, 2923, 2852, 1674, 1597, 1562, 1500
cm™!
4-Phenyl-2-butanone (2f).° A colorless oil. '"HNMR
(CDCl3) 8 2.14 (s, 3H), 2.77 (t, J = 7.5 Hz, 2H), 2.89 (t, J =
7.5 Hz, 2H), 7.16-7.28 (m, 5H). BCNMR (CDCl;) § 29.6,
29.9, 45.0, 126.0, 128.2, 128.4, 140.9, 207.8. IR (neat) 3061,
3029, 2927, 1718, 1604, 1497 cm™!.

6-Undecanone (2g).! A colorless oil. 'HNMR (CDCl3) &
0.89 (t, J = 6.6 Hz, 6H), 1.16-1.42 (m, 8H), 1.50-1.66 (m, 4H),
2.39 (t, J = 7.4 Hz, 4H). CNMR (CDCls) § 14.0, 22.5, 23.6,
31.5, 42.8, 211.7. IR (neat) 2957, 2933, 2873, 2862, 1717,
1467, 1411, 1377, 1133 cm™".

4-t-Butylcyclohexanone (2h).>  White solids; mp 4648 °C
(1it>> mp 47-49 °C). 'HNMR (CDCl3) § 0.92 (s, 9H), 1.39—
1.51 (m, 3H), 2.05-2.18 (m, 2H), 2.23-2.44 (m, 4H). *C NMR
(CDCl3) & 27.6, 32.5, 41.3, 46.7, 212.6. IR (KBr) 2964, 2945,
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2875, 1729, 1473, 1366, 1224, 1162 cm™'.

(—)-Camphor (2i).>> White solids; mp 175-178 °C (lit.’>> mp
176.9-177.5 °C). '"HNMR (CDCl3) § 0.84 (s, 3H), 0.92 (s, 3H),
0.96 (s, 3H), 1.27-1.47 (m, 2H), 1.59-1.76 (m, 1H), 1.84 (d, J =
18.2 Hz, 1H), 1.91-2.02 (m, 1H), 2.09 (t, J] = 4.4 Hz, 1H), 2.29—
242 (m, 1H). BCNMR (CDCl5) § 9.28, 19.2, 19.8, 27.1, 29.9,
43.0, 43.3, 46.8, 57.7, 219.7. IR (KBr) 3440, 2960, 2877, 1744,
1455, 1417, 1386, 1045, 1023 cm™.

The Oxidation of prim-Alcohols in an N-Oxyl-Adsorbed
Silica Gel/Aqueous NaOCI Disperse System (Table 2, Entry
12). A mixture of 4-chlorobenzyl alcohol (1j, 71 mg, 0.5 mmol),
4-benzoyloxy-2,2,6,6-tetramethylpiperidin-1-oxyl (3a, 1.4 mg,
0.005 mmol), and silica gel (0.5 g) in acetone (2 mL) was stirred
for 10 min, and most of the solvent was evaporated under reduced
pressure. To the residue was added an aqueous NaOCI (0.25 M, 4
mL, 1.0 mmol) at O °C in one portion, and the mixture was stirred
at this temperature for 0.5 h. The disperse phase (silica gel) was
separated by filtration and washed with acetone. The aqueous fil-
trate (disperse medium) was extracted with AcOEt. The extracts
and the washings were combined, dried (Na,SO,), and concentrat-
ed in vacuo. The residue was chromatographed (silica gel, hex-
ane/AcOEt = 3/1) to afford 4-chlorobenzaldehyde (2j, 65 mg,
92%) as white solids:** mp 46-47 °C (lit.>* mp 48 °C). 'THNMR
(CDCl3) 6 7.52 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 8.4 Hz, 2H),
9.99 (s, 1H). BCNMR (CDCl3) § 129.4, 130.8, 134.6, 140.9,
190.7. IR (KBr) 3092, 2927, 2861, 2766, 1699, 1590, 1576
em~!. The aqueous solution was acidified with 5% aq. HCI (4
mL) and extracted with AcOEt. The organic phase was dried
(Na;SO4) and concentrated in vacuo to afford no appreciable
amount of the corresponding carboxylic acid 4;j.

In a similar manner, the oxidation of alcohols 1k—10 was car-
ried out. The reaction conditions and results are listed in
Table 2, entries 13-18.

4-t-Butylbenzaldehyde (2k).> A colorless oil. '"HNMR
(CDCl3) 6 1.36 (s, 9H), 7.55 (d, J = 8.4 Hz, 2H), 7.82 (d, J =
8.4 Hz, 2H), 9.98 (s, 1H). CNMR (CDCl3) § 31.1, 354,
125.9, 129.6, 134.0, 158.4, 191.9. IR (neat) 3052, 2969, 1686,
1611, 1570 cm™!.

4-Methoxybenzaldehyde (21).°° A colorless oil. 'HNMR
(CDCl3) 6 3.88 (s, 3H), 7.01 (d, J = 8.8 Hz, 2H), 7.85 (d, J =
8.8 Hz, 2H), 9.88 (s, 1H). 3CNMR (CDCl3) § 55.5, 114.2,
129.8, 131.8, 164.5, 190.6. IR (neat) 3077, 3010, 2938, 2841,
2740, 1683, 1601, 1578, 1511 cm™!.

4-Methoxybenzoic Acid (41).7 White solids; mp 185-186 °C
(1it.” mp 184-185 °C). '"HNMR (CDCl3) & 3.88 (s, 3H), 6.95 (d,
J =9.0 Hz, 2H), 8.05 (d, J = 9.0 Hz, 2H). *CNMR (CDCl;) §
55.5, 113.7, 121.6, 132.3, 164.0, 171.4. IR (KBr) 3650-2150
(br), 3028, 2985, 2925, 2851, 1687, 1604, 1578, 1517 cm™!.

4-Methyl-5-thiazolecarboxaldehyde (2m).>*®  White solids;
mp 73.5-75 °C (lit.3*! mp 74 °C). "THNMR (CDCl3) § 2.80 (s,
3H), 8.99 (s, 1H), 10.15 (s, 1H). *CNMR (CDCl;) § 16.1,
132.6, 158.6, 161.6, 182.1. IR (KBr) 3094, 2966, 2925, 2872,
1661, 1522 cm™!.

4-Methyl-5-thiazolecarboxylic Acid (4m).°®  White solids;
mp 235-241 °C (lit.>* mp 255 °C). '"HNMR (CD;0D) § 2.72
(s, 3H), 8.98 (s, 1H). 3.CNMR (CD;0D) § 17.0, 99.0, 157.5,
160.5, 164.4. IR (KBr) 3093, 1707, 1545, 1317, 1274 cm™!.

3-Phenylpropanal (2n).°° A colorless oil. '"HNMR (CDCl;) §
2.78 (t, J = 7.4 Hz, 2H), 2.96 (t, J = 7.4 Hz, 2H), 7.12-7.44 (m,
5H), 9.82 (s, 1H). BCNMR (CDCl;) § 28.1, 45.3, 126.2, 128.2,
128.5, 140.2, 201.4. IR (neat) 3063, 3029, 2928, 2725, 1725,
1604, 1497 cm™!.

Oxidation of Alcohols in Silica Gel/Aq. NaOCl

3-Phenylpropanoic Acid (4n)." White solids; mp 46.5-47.5
°C (1it.®? mp 49 °C). "THNMR (CDCl3) § 2.69 (t, J = 8.0 Hz, 2H),
297 (t, J =8.0 Hz, 2H), 7.17-7.34 (m, 5H), 9.0 (br s, 1H).
BCNMR (CDCl3) § 30.6, 35.6, 126.3, 128.2, 128.5, 140.1,
178.5. IR (KBr) 3700-2200 (br), 3027, 2935, 1711, 1696, 1605,
1574, 1495 cm™ L.

3-Phenylpropyl 3-Phenylpropanoate (8).> A colorless oil.
'HNMR (CDCl3) § 1.93 (quint, J = 6.5 Hz, 2H), 2.63 (t, J =
7.8 Hz, 4H), 2.96 (t, J = 7.8 Hz, 2H), 4.09 (t, J = 6.5 Hz, 2H),
7.13-7.33 (m, 10H). 3CNMR § 30.2, 31.0, 32.2, 35.9, 63.8,
125.9, 126.2, 128.2, 128.3, 128.4, 140.4, 141.1, 172.8. IR (neat)
3063, 3028, 2954, 2929, 2859, 1735, 1604, 1497 cm™!.

Undecanal (20).!” A colorless oil. '"HNMR (CDCls) § 0.88 (t,
J = 6.4 Hz, 3H), 1.26 (br s, 14H), 1.56-1.70 (m, 2H), 2.42 (dt,
J =1.8,7.3 Hz, 2H),9.77 (t,J = 1.8 Hz, 1H). 3CNMR (CDCl5)
8 14.2,22.1,22.7,29.2, 29.3, 29.4, 29.5, 29.6, 31.9, 43.9, 202.9.
IR (neat) 2956, 2929, 2856, 2714, 1732, 1173, 722 cm~.

Undecanoic Acid (40)."” White solids; mp 2628 °C (lit.!” mp
28 °C). 'THNMR (CDCl3) § 0.88 (t, J = 6.4 Hz, 3H), 1.26 (br s,
14H), 1.56-1.70 (m, 2H), 2.35 (t, / = 7.5 Hz, 2H), 10.5 (br s,
1H). BCNMR (CDCl3) 8 14.2, 22.7, 24.7, 29.1, 29.2, 29.3,
29.5, 29.6, 31.9, 34.0, 179.8. IR (KBr) 3570-2330 (br), 2923,
2852, 1697, 1468, 1435, 1411, 1288, 932 cm™!.

Undecyl Undecanoate 9)."7 A colorless oil. "HNMR
(CDCl3) 8 0.88 (t, J = 6.4 Hz, 6H), 1.26 (br s, 30H), 1.56-1.70
(m, 4H), 2.29 (t, J =7.3 Hz, 2H), 4.06 (t, J = 6.7 Hz, 2H).
BCNMR (CDCly) § 14.2, 22.7, 25.1, 26.0, 28.7, 29.2, 29.3,
294, 29.5, 29.6, 31.9, 34.4, 64.4, 174.0. IR (neat) 2926, 2856,
1739, 1467, 1241, 1172, 722 cm™ L.

Preparation of N-Oxyl-Immobilized Silica Gel 12. To a so-
lution of 3-(triethoxysilyl)propyl isocyanate (10, 2.60 g, 10.5
mmol) in benzene (20 mL) was added a solution of 4-amino-
2,2,6,6-tetramethylpiperidin-1-oxyl (3b, 1.71 g, 10.0 mmol) in
benzene (15 mL), dropwise, at room temperature, and the result-
ing mixture was stirred at room temperature for 9 h to give a ben-
zene solution of the corresponding urea compound 11. To the so-
lution were added silica gel (10.0 g) and additional benzene (15
mL), and the mixture was heated to reflux for 60 h without stir-
ring. The resulting solids were separated by filtration and rinsed
with hot benzene using a Soxhlet’s extractor for 8 h. The residual
solids were dried under reduced pressure to afford N-oxyl-immo-
bilized silica gel 12 (12.8 g) as pale orange solids: IR (KBr) 3420,
2924, 2855, 1636, 1570 cm™'. The content of the immobilized N-
oxyl moiety was estimated at 0.64 mmol/g by elemental analysis:
Found: C, 11.37; H, 1.86; N, 2.74%. Anal. Calcd for 0.64 mmol/g
N-oxyl-immobilized silica gel 12: C, 11.53; H, 1.94; N, 2.69%.

The Oxidation of Alcohols in an N-Oxyl-Immobilized Silica
Gel/Aqueous NaOCl Disperse System (Table 3, Entry 1). A
mixture of 1-(4-chlorophenyl)ethanol (la, 78 mg, 0.5 mmol)
and N-oxyl-immobilized silica gel 12 (0.5 g, 0.32 mmol N-oxyl)
in acetone (2 mL) was stirred for 10 min, and most of the solvent
was evaporated under reduced pressure. To the residue was added
aqueous NaOCl (0.11 M, 5.0 mL, 0.55 mmol) at O °C in one por-
tion, and the reaction mixture was stirred at this temperature for
0.5 h. The disperse phase (silica gel) was separated by filtration
and washed with AcOEt. The washings were combined, dried
(Na,SOy), and concentrated in vacuo. The residue was chromato-
graphed (silica gel, hexane/AcOEt = 5/1) to afford 1-(4-chloro-
phenyl)-1-ethanone (2a, 71.0 mg, 91%) as a colorless oil. The dis-
perse medium (aqueous filtrate) was extracted with AcOEt. The
extracts were dried (Na,SOy4) and concentrated in vacuo. The res-
idue was chromatographed (silica gel, hexane/AcOEt = 5/1) to
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afford 2a (1 mg, 1%).

In a similar manner, the oxidation of alcohols 1d, 1f-1j, 1m,
In, and 1p—1s was carried out in N-oxyl-immobilized silica gel
12/aqueous NaOCl disperse system. The conditions and results
are summarized in Table 3. For the oxidation of prim-alcohols
1j, Im, and 1n and diols 1p—1s, after the extractive workup, the
aqueous layer was acidified with 5% aq. HCl (4 mL), extracted
with AcOEt, dried (Na,SQy), and concentrated in vacuo to afford
the corresponding carboxylic acids 4j, 4m, 4n, and 4p—4s.

Phenylacetic Acid (4p).** White solids; mp 73.5-75 °C (lit.%*
mp 75-77 °C). 'HNMR (CDCl3) 8§ 3.65 (s, 2H), 7.24-7.39 (m,
5H). BCNMR (CDCly) § 41.0, 127.3, 128.6, 129.3, 133.2,
177.3. IR (KBr) 34502430 (br), 3034, 1703, 1604, 1500 cm™".

3,4-Dimethoxybenzoic Acid (4q).*> White solids; mp 176
178 °C (lit.® mp 180-181 °C). '"HNMR (CDCl3) 8 3.95 (s,
3H), 3.96 (s, 3H), 6.93 (d, J =8.6 Hz, 1H), 7.61 (d, J =2.0
Hz, 1H), 7.78 (dd, J = 2.0, 8.6 Hz, 1H), 9.90 (br s, 1H). *CNMR
(CDCl3) 6 55.97, 56.04, 110.2, 112.2, 121.6, 124.5, 148.6, 153.6,
171.9. IR (KBr) 3660-2300 (br), 3005, 2936, 2839, 1680, 1601,
1590 cm™'.

Benzil (2r).!% Yellow solids; mp 93.5-95 °C (lit.®” mp 95-96
°C). '"HNMR (CDCls) § 7.47-7.56 (m, 4H), 7.62-7.71 (m, 2H),
7.96-8.02 (m, 4H). 'CNMR (CDCl;) § 129.0, 129.9, 133.0,
134.8, 194.5. IR (KBr) 3065, 1660, 1594, 1580 cm~!.

Phthalide (2s).°® White solids; mp 70.5-72.5 °C (lit.* mp
69.5-71 °C). 'HNMR (CDCl3) § 5.34 (s, 2H), 7.49-7.58 (m,
2H), 7.66-7.74 (m, 1H), 7.91-7.95 (m, 1H). 3CNMR (CDCl3)
8 69.6, 122.0, 125.6, 125.7, 129.0, 133.9, 146.4, 171.0. IR
(KBr) 3021, 2929, 2865, 1756, 1616, 1596 cm™!.

Phthalic Acid (4s).”" White solids; mp 202205 °C (lit.”® mp
208-209 °C). 'HNMR (CD;0D) 8§ 7.40-7.62 (m, 2H), 7.70-7.77
(m, 2H). *CNMR (CD;OD) § 129.7, 131.8, 133.8, 171.1. IR
(KBr) 3600-2500 (br), 3077, 3012, 2896, 1695, 1587, 1498 cm™!.

The Recycled Use of N-Oxyl-Immobilized Silica Gel. The
oxidation of 1-(4-chlorophenyl)ethanol (1a, 78 mg, 0.5 mmol)
in the N-oxyl-immobilized silica gel 12 (0.5 g, 0.32 mmol N-
oxyl)/aqueous NaOCl (0.11 M, 5.0 mL) disperse system was car-
ried out in a similar manner to that described above. After 0.5 h,
the disperse phase (silica gel) was separated by filtration and
washed with acetone. The GC analysis of the washings showed
the formation of 1-(4-chlorophenyl)-1-ethanone (2a) in 95% yield.
The recovered N-oxyl-immobilized silica gel 12 was dried and
reused for the oxidation of 1a, and the same process as for the first
run was repeated 10 times. The results are shown in Fig. 2.

The Oxidation of Alcohol 1a in a Column-Flow System.
Reactions were carried out in a glass column (& = 21 mm) equip-
ped with a ceramic filter (G3) and a three-way cock at the bottom
(Fig. 3). Into the column packed with the N-oxyl-immobilized
silica gel 12 (1.0 g, 0.64 mmol N-oxyl), a solution of 1-(4-
chlorophenyl)ethanol (1a, 157 mg, 1.0 mmol) in acetone (2 mL)
was poured, and most of the solvent was removed by passing
air through the three-way cock into the column. A mixed solution
of aqueous NaOCl (0.70 M, 5.0 mL, 3.5 mmol) and aqueous satu-
rated NaHCOj; (2 mL) was passed through the column, and the el-
uate was repeatedly fed onto the column at room temperature for 1
h. Then, most of the aqueous solution was stripped out from the
column by passing air from the upper inlet of the column, and
the N-oxyl-immobilized silica gel 12 was rinsed with acetone.
The acetone washings were dried and concentrated in vacuo.
The residue was chromatographed (silica gel, hexane/AcOEt =
5/1) to afford 1-(4-chlorophenyl)-1-ethanone (2a, 126.9 mg,
82%) together with the recovered 1a (8.0 mg, 5%). The N-oxyl-
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immobilized silica gel 12 was dried by passing air through the
three-way cock and reused for the second run. The same process
as for the first run was repeated 5 times. The results are shown in
the back column of Fig. 4. A similar process was carried out in the
absence of aqueous saturated NaHCOj;. The results are shown in
the front column of Fig. 4.
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