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xyl radicals of formula (I) at least one of the substituents R is -O.

and the others are hydrogen or OH; X is -NR;R,, wherein Ry and R, are independently hydrogen, C;-Cygalkyl or together with the
nitrogen atom to which they are bound from a 5 or 6 membered ring which may be further interrupted by an O atom. Further subjects
of the invention are an oxidation process for alcohols to aldehydes or ketones or to carboxylic acids in the presence of a compound
of formula (I) and the use of stable free nitroxyl radicals of formula (I) as oxidation catalysts.
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Stable Free Nitroxyl Radicals as Oxidation Catalysts and Process for Oxidation

The instant invention relates to stable free nitroxyl radicals. Stable free nitroxyl radicals are
useful for a variety of industrial applications, such as for example as stabilizers to prevent
vinyl aromatic monomers from premature polymerization during distillation or purification, as
polymerization regulators in controlled radical polymerization processes and as oxidation
catalysts in heterogeneous and homogenous oxidation reactions. They are particularly useful
as catalysts for the selective oxidation of alcohols to aldehydes or ketones or to carboxylic
acids using an alkali hypohalite as oxidizing agent. Consequently an oxidation process and
the use of these stable free nitroxyl radicals as oxidation catalysts are also subjects of the

invention.

Selectivity is of primary importance in oxidation processes. Further functional groups present
in the molecule, such as, for example, double bonds, should generally not be affected under
the conditions chosen. Often, the targeted oxidation of secondary alongside primary alcohol
fuhctions or vice versa is desired, without the respective other function being affected. In the
synthesis of aldehydes from primary alcohols, carboxylic acids are often formed as by-
products of the oxidation reaction (over-oxidation), and the oxidation of 1,2-diols or

a-hydroxyketones is frequently accompanied by C-C cleavage reactions.

It is known that primary and secondary alcohols can be converted into the corresponding
carbonyl compounds using aqueous sodium hypochlorite solution in the presence of catalytic
amounts of organic nitroxyl radicals (A. E. J. de Nooy, A. C. Besemer, H. van Bekkum,
Synthesis, 1996, 1153 ).

It is also known, that alcohols can be oxidized by Cu(l) and oxygen in the presence of a
nitroxyl radical (2,2,6,6-tetramethylpiperidin-1-oxyl, TEMPO). This is for example described
by Semmelhack, M. F.; Schmid, Christopher R.; Cortes, David A.; Chou, Chuen S.
Oxidation of alcohols to aldehydes with oxygen and cupric ion, mediated by nitrosonium ion
in J. Am. Chem. Soc. (1984), 106(11), 3374-6.

Hitherto such reactions - especially when 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) has
been used - have predominantly been carried out in homogeneous phase. The reactions
were carried out either stoichiometrically or catalytically in respect of TEMPO or the oxidation
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product resulting therefrom. The working up of the reaction products in such processes often

proves to be awkward and involved, since a great deal of effort is required to remove the
catalyst and its attendant products.

It has now, surprisingly, been found that specific cyclic oligomeric stable free nitroxyl radicals
are ideal catalysts in homogenous and heterogeneous oxidation reactions, which can easily
be removed from the reaction products.

Furthermore the instant compounds have high catalytic activity and excellent selectivity.

One subject of the invention is therefore a compound of formula (1)

[ )
" N 0
/ N =N
X — N\ />—X NoHY
\ N
NN , wherein
N
N
R l
R

at least one of the substituents R is -Oe and the others are hydrogen or OH;

X is -NR4Rg, wherein R, and R, are independently hydrogen, C;-Cygalkyl or together with the
nitrogen atom to which they are bound form a 5 or 6 membered ring which may be further
interrupted by an O atom;

HY is an organic or inorganic acid; and

n is 0 or a number from 1-4.
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Preferably X is a structural element of formulae

HG H
N__
C /\
M He! or () 0  N—
CH, /
CH

3

Most preferably X is of formula (Il).

Preferred is a compound of formula (1) wherein at least two of the substituents R are -Oe,
more preferably 50 to 100% of the substituents R are -Oe.

Preferably HY is selected from the group consisting of a halogen containing inorganic
protonic acid, a phosphorous containing inorganic acid, a sulfur containing inorganic acid, a
C+-Cjalkyl carboxylic acid, or a perfluor C,-C,alkyl carboxylic acid or an aromatic carboxylic

acid. More preferably HY is HCI, HCIO,, HBr, HPFg, HzPO4, HaSO,, CFsCOOH, CH;COOH,
HCOOH or benzoic acid.

Particularly preferred compounds are those wherein n is 0.

The compounds may be prepared from the corresponding amine precursors (R is H) which
are for example described in US 4,442,250. When X is of formula (ll), the amine precursor is
a commercial product, Chimassorb® 966, sold by Ciba Specialty Chemicals.

The oxidation may be carried out in analogy to the oxidation of 4-hydroxy-2,2,6,6-tetra-
methylpiperidine described in US 5,654,434 with hydrogen peroxide. Another also suitable
oxidation process is described in WO 00/40550 using peracetic acid.

As described before the oxidation must not necessarily be carried out until all piperidine
nitrogen atoms are oxidized. It can be stopped at many stages before, thus leading to a
product mixture which contains NH, NOH and NOe moieties.

A subject of the invention is therefore a process for the selective oxidation of alcohols to
ketones or to aldehydes in organic solvents by means of an oxidizing agent, which
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comprises carrying out the oxidation in the presence of a homogenous or heterogeneous
oxidation catalyst of formula (1).

A further subject of the invention is a process for the selective oxidation of alcohols to
ketones or to carboxylic acids in aqueous solvents by means of an oxidizing agent, which

comprises carrying out the oxidation in the presence of a homogenous or heterogeneous
oxidation catalyst of formula (I).

It is one of the advantages that the compound of formula (l) can be protonated by inorganic
acids and recovered from organic solvents by washing out with water.

Examples for oxidation agents are oxygen containing organic or inorganic compounds.
Typical are organic peracids, such as peracetic acid, H,O,, hypohalites, halites, halides and
oxygen itself or combinations of them.

Preferred is a process for the selective oxidation of alcohols to ketones or to aldehydes or of
alcohols to carboxylic acids by means of peracetic acid, H,O,, hypohalites, halites, halides
and oxygen itself or combinations of them, under neutral or alkaline conditions or metal ions
like Cu(l), Cu(ll), Ru (I), Co(ll), Mn(ll) and mixtures thereof and oxygen as oxidizing agent,
which comprises carrying out the oxidation in the presence of a homogenous or
heterogeneous oxidation catalyst of formula (1).

The oxidation catalyst may also be a mixture of compounds of formula (I).

Preferably the oxidation catalyst is added in an amount of from 0.1 to 20 % , more preferably

from 0.5% to 10% and most preferably from 0.5 to 5%, by weight, based on the alcohol
used.

Generally, a process which comprises carrying out the oxidation by means of an alkali
hypohalite under neutral or alkaline conditions is preferred.

Preference is given to a process that uses as the alkali hypohalite LiOCI, NaOCIl, KOCI,
LiOBr, NaOBr or KOBtr.

LiOCl, NaOC! and KOCI are especially preferred, NaOCI being more especially preferred.
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The hypohalite, is preferably added in the form of an aqueous solution to the alcohol to be
oxidized. The concentration may vary within a wide range and is preferably from 5 % to 20 %

by weight, especially from 10 to 15 % by weight, of active chlorine based on the alcohol to be
oxidized.

Together with the oxidizing agent, the aqueous solution can be rendered neutral or alkaline
by means of a buffer. Preferred buffers are aqueous solutions of alkali or alkaline earth
hydroxides, alkali or alkaline earth carbonates and the corresponding hydrogen carbonates

and alkali or alkaline earth phosphates and the corresponding hydrogen and dihydrogen
phosphates.

Alkali hydrogen carbonates are especially preferred, sodium hydrogen carbonate being more
especially preferred.

Preferably the process is carried out at a temperature of less than 30°C, more preferably at
a temperature between 5° C and 20° C.

The pH value of the aqueous oxidation solution after the addition of the desired buffer is in

the range from 7 to 12, especially in the range from 8 to 11 and more especially in the range
from 8 to 10.

The alcohol to be oxidized may be a monoalcohol, diol or a polyol, monomeric or polymeric
like starch or pulp, water soluble or water insoluble or molecules containing other functional
groups besides hydroxy.

In the case of liquid alcohols, the reaction can be carried out without the addition of further

solvents, but it can be advantageous to carry out the oxidation in a higher dilution.

The compounds of formula (I) may also be used as polymerization regulators in controlled
free radical polymerization, as for example described in US 5,322,912, as polymerization
inhibitors during distillation or purification of vinyl aromatic monomers or as flame retardants.



WO 02/058844 PCT/EP02/00340

-6-
Preparation Examples
Example 1
T R
>¢< :
; ? AN N !
N—C N =N
— N N
N :\ /
_<N\/\/\/\N ¥
N
| N
R |
R

R=H, O° at least one is O°

In a 500 ml three necked flask 50 gr of CHIMASSORB® 966, toluene 250 ml, and 42 g of
potassium carbonate were added. The heterogeneous mixture was cooled at 5-10°C and
with vigorous stirring 72.5 g of a solution of peracetic acid (85%) in acetic acid was added
slowly over about 1 h. The reaction mixture was allowed to stand for 2 h at 5-10°C and 10 g
of potassium carbonate were added; after that the temperature was spontaneously allowed
to rise to 25°C and the reaction was continued for additional 2 h at 25-30°C; after that the
temperature was increased until to 50°C and maintained for 1 h. The mixture was then
concentrated under reduced pressure and the crude product was washed with water and
dried under vacuum. 44 g of the desired rose-coloured product was obtained.

In order to increase the purity of the nitroxyl product, the crystallization of unreacted
CHIMASSORB ® 966 has been repeated four times in dichloromethane The organic layer
has then concentrated and dried under vacuum; obtaining a rose coloured solid having the
following analytical data:

Melting range: 267 - 270 °C

Nitroxyl Yield by ESR: 95%
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Example 2
In aflask 1 g of the product from example 1 was added to 100 g of a 37% solution of
hydrochloric acid in water. The mixture was stirred for 8 hours at room temperature, until a

homogeneous yellow-coloured solution was obtained. The water was evaporated and the
remaining salt was dried under vacuum.

Examples for the use as catalyst in oxidation reactions
Example A

Use as homogeneous catalyst for alcohol oxidation in organic solvents

NaOCiI
w dichloromethane /\/\/\ﬂ/
OH @)

In a flask 0.072 g (0.05 mmol) of the product from example 1, 2.5 g (19.2 mmol) of 2-octanol
and 10 ml of dichloromethane and 2.8 gr of KHCO3 (20% sol.) were added; the
heterogeneous mixture was cooled to 10-15°C then was dropped 13.8 g of an aqueous
solution of NaOCI (10.5%). After 3 hours the crude organic layer was analyzed using GC:
98.6 % of 2-octanone was obtained as desired product.

Example B
Recovery of the catalyst

The organic layer of the reaction mixture in Example A was separated from the aqueous
phase and stirred with 10 ml of concentrated HCI (37% in water). After 30 minutes the
colorless organic layer was separated from the slightly yellow colored aqueous phase. The
water was evaporated and the separated salt of the catalyst was dried under vacuum.

Example C
Use as heterogeneous catalyst for alcohol oxidation in organic solvents

NaOCl

—_—
/\/\/Y Toluene /\/\/\n/

OH o)
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In a flask 0.072 g (0.05 mmol) of the product from example 1, 2.5 g (19.2 mmol) of 2-
octanol, 10 ml of toluene and 2.8 gr of KHCO3 (20% sol.) were added; the heterogeneous
mixture was cooled to 10-15°C then were added 13.2 g of an aqueous solution of NaOClI
(10.5%). After 2 hours the crude organic layer was analyzed using GC and 'H- "*C-NMR and
100% of 2-octanone was obtained as desired product. The catalyst was recovered by
filtration of the crude reaction mixture.

Example D
Use as heterogeneous catalyst for the selective oxidation of primary alcohols in organic
solvents

NaOCI

—_— H

Toluene
OH OH OH O

In a flask 0.06 g (0.042 mmol) of the product from example 1, 2.5 g (17.1 mmol) of 2-ethyl-
1,3-hexane-diol and 10 ml of toluene were added; the heterogeneous mixture was cooled to
10-15°C then was dropped 9.8 g of an aqueous solution of NaOCI (13%) maintaining the pH
between 8.5-9.5 using a water solution of NaHCO;. After 2 hours the crude organic layer
was analyzed using GC and 'H- *C-NMR and 77% of 2-ethyl, 3-hydroxy-hexanal was
obtained as desired product. The catalyst was recovered by filtration of the crude reaction
mixture.

Example E
Use as heterogeneous catalyst for the oxidation of alcohols in water

OH 0. OH)
o) NaOCI 0
OH

OH o— Water OH o—
OH OH
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In a flask 0.02 g (0.014 mmol) of the product from example 1, 0.195 g (1.0 mmol) of methyl-
o-D-glucopyranoside and 10 ml of water were added; the mixture was kept at room
temperature then was dropped 8 ml of an aqueous solution of NaOCI (0.5M) maintaining the
pH at 9.5 using a 0.12 M solution of NaOH. After 24 hours the crude organic layer was
analyzed using HPLC. 96% of the carboxy acid was obtained as desired product. The
catalyst was recovered by filtration of the crude reaction mixture.

Example E
Use as homogeneous catalyst for the oxidation of alcohols in water

/O\/\o/\/OH NaOCl

/0\/\0/\rOH
Water o)

In a flask 0.30 g (0.2 mmol) of the product from Example 2, 2.5 g (20.8 mmol) of
diethyleneglycolmonomethylether and 10 ml of water were added; the mixture was cooled to
10-15°C then was dropped 48 g of an aqueous solution of NaOCI (13%) maintaining the pH
between 6-7 using a water solution of KH,PO, After 4 hours the crude solution was analyzed
using GC and 'H- and "®C-NMR. 95% of the carboxy acid was obtained as desired product.
The catalyst was recovered by precipitation at pH > 8 and filtration of the reaction mixture.

Example F

Use as catalyst for the oxidation of alcohols in absence of solvent

/\/\/\(_‘\.‘a_oﬂ,/\/\/\n/

OH O

In a flask 125 pl (0.8 mmol) of the 2-octanol, 3.2 mg (8 umol) of the product from example |
and 2.86 ml NaOCl-solution (0.35M; 1.0 mmol; pH 9.1 with KHCO,) were added; the mixture
was maintained at room temperature under vigorously stirring. After one hour the crude

organic layer was analyzed using GC: 100 % of 2-octanone was obtained as desired
product. The catalyst was recovered by filtration of the crude reaction mixture.
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Claims
1. A compound of formula (1)
T‘ T
N
N (1)
N_<N\/\/\/\N
X </ N, >=N »
= < N \ />—X No
N\/\/\/\ "
N , wherein
N
| N
R |
R

at least one of the substituents R is -Oe and the others are hydrogen or OH;
Xis -NR; Rz, wherein R, and R; are independently hydrogen, C;-C,galkyl or together with the
nitrogen atom to which they are bound form a 5 or 6 membered ring which may be further

interrupted by an O atom;

HY is an organic or inorganic acid; and

nis 0 or a number from 1-4.

2. A compound according to claim 1 wherein X is a structural element of formulae

HC H
N._.
H,C
(n H,C or (i) O
CH

3

CH,

N___
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3. A compound according to claim 1 wherein n is 0 and at least two of the substituents R are
-Qe,

4. A process for the selective oxidation of alcohols to ketones or to aldehydes or of alcohols
to carboxylic acids by means of an oxidizing agent, which comprises carrying out the

oxidation in the presence of a homogenous or heterogeneous oxidation catalyst of
formula (1).

5. A process for the selective oxidation of alcohols to ketones or to aldehydes or of alcohols
to carboxylic acids according to claim 4 by means of peracetic acid, H,0,, hypohalites,
halites, halides and oxygen itself or combinations of them, under neutral or alkaline
conditions or metal ions like Cu(l), Cu(l), Ru (11}, Co(ll), Mn(ll) and mixtures thereof and
oxygen as oxidizing agent,

which comprises carrying out the oxidation in the presence of a homogenous or
heterogeneous oxidation catalyst of formula (I).

6. A process according to claim 5, which comprises adding the oxidation catalyst in an
amount of from 0.1 to 20 % by weight, based on the alcohol used.

7. A process according to claim 5, which comprises carrying out the oxidation by means of

an alkali hypohalite selected from LiOCI, NaOCIl, KOCI, LiOBr, NaOBr or KOBr under
neutral or alkaline conditions.

8. A process according to claim 5, which comprises carrying out the reaction at a
temperature of less than 30°C and at a pH of between 7 and 12.

9. The use of a compound of formula (1) as catalyst for the selective oxidation of alcohols to
ketones or aldehydes or to carboxylic acids.

10. The use of a compound of formula (I) as polymerization regulator in controlled free
radical polymerization, as polymerization inhibitor during distillation or purification of vinyl
aromatic monomers or as flame retardant.
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