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A new method for the selective oxidation of alcohols using organic oxoammonium salta generated by acid- 
promoted disproportionation of nitroxides in solution has been developed. Major advantages are high yields, 
ease of product isolation, and a high degree of selectivity in the presence of other functional groups. 

Oxoammonium salts such as 3 have been used exten- 
sively for the oxidation of alcohols to aldehydes and ke- 
tones. The older literature has been ~ummarized.~ These 
reactions have been carried out in two modes. One is the 
use of synthetically prepared oxoammonium salts, and the 
other is the use of nitroxide catalysts (such as 2) in the 
presence of a primary oxidant, which will oxidize the ni- 
troxides to oxoammonium salts. Recent papers have ap- 
peared on the oxidation of difunctional alcohols> w-(ben- 
zoyloxy)alkanols,' N,N-dialkylanilines? and poly(viny1 
alcohol)? Nitroxide-catalyzed oxidations of alcohols with 
hypochlorite,'# bromite! or electrolytically generated Br+ lo 
have been described. We have carried out the preparative 
oxidation of alcohols and thiols on graphite anodes coated 
with a nitroxide catalyst," as have others.12J3 The field 
has been reviewed re~ent1y.l~ 

In this paper, we would like to describe a third mode 
based upon the known acid-promotad disproportionation 
of nitroxides 2 to oxoammonium salts 3 and hydroxyamine 
salts 1 (eq l).lb17 Thus, treatment of the alcohol to be 
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R - AcNH or H; R,, R2 - alkyl group or H; 
X - p-toluenesulfonate (TsO) or 

(7s )-(+)-10-Camphorsulfonato (CsO). 

oxidized in an organic solvent with a slight excess of a 
mixture of 2 equiv of nitroxide and 2 equiv of p-toluene- 
sulfonic acid gives essentially quantitative yields of al- 
dehydes from primary alcohols and ketones from second- 
ary alcohols. The oxoammonium salt formed during the 
disproportionation is reduced, in the oxidation, to the same 
hydroxyamine salt formed during the disproportionation. 
The overall reaction is shown in eq 2. The sulfonic acid 
promotes the disproportionation and pulls the reaction to 
completion by salt formation with the hydroxyamine 
product. The salt precipitates in high yield when the 
solvent is CH2C12. Product isolation involves the removal 
of the salt by filtration, washing of the CH2C12 with a small  
amount of water, drying, concentration, and distillation 
or crystallization of the essentially pure aldehyde or ketone. 

It is quite possible that some of the earlier catalyzed 
work involving peracids goes by a similar mechanism since 
Cella18 noted that his reaction required a strong acid such 
as HC1. The strong acid catalyzed the disproportionation, 
and the peracid reoxidizes the hydroxyamine to nitroxide. 
Such a mechanism was proposed by Aurich.lg In support 
of this suggestion, there does not appear to be any report 
of the oxidation of nitroxide to oxoammonium salt with 
peracids, although the oxidation of hydroxyamines to 
nitroxides is well known.lg 

The advantages of this method are the high yields ob- 
tained and the convenience of the product isolation. It also 
avoids the presence of less selective oxidizing agents such 
as peracids and the halogen derivatives used in the various 
catalytic methods mentioned above7-13 and elsewhere.2 

(17) Ullman, E. F.; Osiecki, J. H.; Boocock, D. G. B.; and Darcy, R. J. 

(18) Cella, J. A.; Kellev, J. A.; Kenehan, E. F. J. Org. Chem. 1978,40, 
Am. Chem. SOC. 1972,94,7049. 

1860. 
(19) Breuer, E.; Aurich, G. F.; Nielaen, A. Nitrones, Nitronates and 

Nitrorides; John Wiley and Sons, Inc.: New York, 1989; pp 354-357. 
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Furthermore, no metal ions are involved, as in oxidations 
with the various chromium or manganese reagents.20 In 
contrast to the Moffatt and Swern oxidation and similar 
reactions,21 anhydrous solvents are not required; the 
product isolation is simple; no dimethyl sulfide is given 
off. The main disadvantage is that 2 equiv of a, so far, 
noncommercially available nitroxide, 2, R = NHAc, is 
required. However, the nitroxide can be prepared in 97% 
yield and recovered in yields of over 98%. 

It would appear logical to explore the reactions of the 
oxoammonium salt, 3, R = NHAc, itself rather than to. 
prepare it as needed, and the reactions of many such 
compounds are known.2 However, the salt did not pre- 
cipitate under the various acid conditions normally used.' 
Since the nitroxides are much more stable than the oxo- 
ammonium salts, there seemed little reason to prepare 3, 
R = NHAc. 

We have used two nitroxides, the commercially available 
2,2,6,6-tetramethylpiperidinyl-l-oxyl(2, R = H (TEMPO)) 
and 4-acetylamino-TEMPO (2, R = AcNH). (Acetyl- 
amino)-TEMPOzZ can be easily made in an overall yield 
of 97 % by a modified two-step procedure, from the readily 
available and inexpensive 4-amino-2,2,6,6-tetramethyl- 
piperidine. We prefer the acetylamino nitroxide for the 
following reason. The sulfonate salt of the hydroxyamine 
derived from TEMPO, 4, R = H, is more soluble in CH2Clz 
than the salt of 4-(acetylaminol-TEMPO, 4, R = AcNH. 
Thus, it is difficult to remove the TEMPO salt entirely, 
even with extensive water washing. The result is that there 
are nitroxide derived materials in the organic phase, which 
complicate the isolation procedure. If any TEMPO itself 
is present, it is volatile and distills with the products. In 
general, it was necessary to use short-column flash chro- 
matography for product isolation when TEMPO was used 
(see entries 3, 7, 9, and 11 in Table I). 

Two sulfonic acids were used to generate the oxo- 
ammonium salt, p-toluenesulfonic acid, and (l$)-(+)- 
camphor-10-sulfonic acid. The camphorsulfonic acid was 
used for several oxidations (entries 12,14, and 22 in Table 
I) to see whether any enantioselectivity could be obtained, 
as has been noted in enzyme work (specifically for entry 
22).23 None was observed. 

We have used two procedures for the oxidation. In the 
first procedure (method A), the alcohol to be oxidized is 
dissolved in CH2Clz, and the p-toluenesulfonic acid is 
added as a solid (the solubility was determined to be less 
than 36 mg/100 mL). The nitroxide, dissolved in CH2C12, 
is added slowly to the icecooled alcohol-acid. The sulfonic 
acid slowly goes into solution, generating the oxo- 
ammonium ion. As the oxoammonium ion is used up, the 
color is dispatched. At the end of the reaction, the solution 
is almost colorless, and the hydroxyamine salt precipitates, 
sometimes after a short time. In the second procedure 
(method B), the sulfonic acid and nitroxide are mixed 
together to form the oxoammonium ion in solution, and 
this is slowly added to the cooled alcohol solution. Again, 
the color is dispatched, and the salt precipitates. In me- 
thod A, the concentration of the oxidizing agent is kept 
low to enhance selectivity, but there is some acid present 
that might catalyze undesired reactions. In method B, the 
concentration of oxidant is high, but the acid is minimal. 
A real difference was noted only in the oxidation of nerol 

J. Org. Chem., Vol. 56, No. 21, 1991 6111 

and geraniol to their respective aldehydes. Method B gave 
less isomerization around the 2,3 double bond than method 
A, although some was still observed.% Otherwise, there 
seem to be few differences between the methods. 

The recovery of the nitroxide 2, R = NHAc, from the 
hydroxyamine salt is quite simple. The salt is dissolved 
in water, basified with K2C03, and treated with either HzO2 
or sodium perborate (NaBO,). After 24 h, the nitroxide 
crystallizes. The overall recovery is about 98%. The salt 
4, R = NHAc, is quite stable and can be stored for recovery 
at  a later date. 

The reaction has been investigated with a large array 
of alcohols as shown in Table I. Double bonds do not seem 
to interfere with the reaction, although there is some 
problem with entry 4 and cholesterol (not shown) in which 
there is a 8-7 double bond. This is not understood and 
is under further study. Several diols were investigated in 
accord with previous studies,%l0* pure products were not 
obtained. As pointed out by Endo: alcohols having a ,9 
oxygen are not oxidized by oxoammonium salts, and those 
with a y oxygen are slow. We have found that ethylene 
glycol is completely unreactive under our conditions, al- 
though 2,3-butanediol was found by Endo to give a poor 
yield of 3-hydroxy-2-b~tanone.~~ 5,6-Dodecanediol was 
oxidized in good yield by Torii using a similar method.l0 
Under our conditions, 2-phenoxyethanol reacts slowly and 
incompletely. Acid groups do not interface with the re- 
action, although base groups should, due to the reversal 
of eq 2. 

The mechanisms of the reactions are not clear. Golubev 
suggested a mechanism for the acid-promoted dispropor- 
tionation.'6b A concerted cyclic mechanism for oxo- 
ammonium salt oxidations was suggested by Semmelhackls 
and is shown in Scheme I (5 to 6 to 7). An alternate 
mechanism with an acyclic transition state is shown as 5 
to 8 to 7. We favor the acyclic form for two reasons. First, 
it is probably less sterically confining than the cyclic form 
and there seem to be few steric effects in oxoammonium 
oxidations.2 Second, the acyclic intermediate shows how 
a 8 oxygen may hinder the reaction by complexing with 
the positively charged nitrogen as shown in 9. This is less 
likely to occur in 6 because of the negative oxygen. The 
complex formation as shown in 9 may hinder or slow the 
reaction in two ways. It may reduce the positive charge 
on nitrogen and therefore reduce the driving force of the 
reaction. Or, alternatively, complex formation may force 
the hydrogen being lost out of the planar conformation 
required for reaction. 

Experimental Section 
General Procedures. Gas chromatography-mass spectra were 

(20) Hudlicky, M. Oxidations in Organic Chemietry; ACS Monograph 
186, American Chemical Society: Washington DC, 1990, pp 115-120. 

(21) Tidwell, T. 
(22) Rozantsev, E G.; Kokhanov, Y. V. Bull Acad. Sci. U.S.S.R., 

Chem. Ser. 1966,15,1422. 
(23) Jakovac, I. J.; Goodbrand, H. B.; Lok, K. P.; Jones, J. B. J.  Am. 

Chem. SOC. 1982,104,4659. 

Org. React. 1990, 39, 297. 

(24) Such isomerization is normal in the oxidationa of thew com- 
pounds. In only one case has an oxidation been reported with no isom- 
erization (Guziec, F. S., Jr.; Luzzio, F. A. J.  Org. Chem. 1982,47, 1787). 

(25) Miyazawa, T.; Endo, T. J.  Org. Chem. 1986,50, 3930. 
(26) Semmelhack, M. F.; Schmid, C. R.; Cortes, D. A. Tetrahedron 
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(27) Stephen, H. J. Chem. SOC. 1925, 1875. 
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1960,54, 7780. 

1930,52,1623. 
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(36) Davis, J. B.; Jackman, L. M.: Siddons, P. T.: Weedon, B. C. L. J. 

Chem. SOC. C 1966, 2154. 
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Table I. Oxidation of Alcoholr by Oxoanmonium Salts 9 (R - H or AcNH, X - Tr0 or CrO) 

reaction y ~ ,  % (@ bp, OC.1 mmtig 
number substrate oxidant method (time) product rel. 

(purification method) (b) or mp, OC (IP.) 

R-AcNH 
X -  TsO 

R-AcNH 
X -  TsO 

R - H  
X - TsO 

R-AcNH 
X = TsO 

R - AcNH 
X -  TsO 

R = AcNH 
XI TsO 

R - H  
X = TsO 

R - AcNH 
XI TsO 

R- H 
X-  TsO 

RiAcNH 
X -  TsO 

R - H  
X-TSO 

100 
(F=) 

94 
( m.1 

92 
( Fcc and Di. ) 

76 
Dis. ) 

97 
aq. EtOH ) 

98 
(Rec., EtOH) 

33-35 
(W 

36-38 11 .o 
(69-70 113) 

36-3811.0 
(69-70 I 13) 

60-71 I 1 .O 
(94110) 

177-1 78 
(1 77-1 78) 

130-131 
(128-130) 

27 

2a 

2a 

29 

30 

31 

aCHO 
2-norbornanecarbaldehvde Io"" 

(endo and exo) 

W H O  

nopal 

C8H17 

HO (+)-dihydrocholesterol & 
C8H17 

0 (5a)-choIestanb-one C P  

(OnCH0 0 
piperonal 

("p 0 
piperonyl alcohol 

99 34-36 32 
( no purification ) (35-37) 

9 90 3637 32 
(35-37) 

& 
acetophenone 

fl 
secphenethyl alcohol 

100 60-61 12.0 33 
( DS.) (sa I 16) 

10 

93 82-841 13 33 
( F c c  and De. ) (88 116) 

11 

12 

13 

14 

15 

R-AcNH (c) A(1.5h) 
x -  cso 60-62 12.0 33 

(88 116) 
83 (d) 

(FCC and Dis. ) 

0 
P O O H  

benzoylformic acid 

g C O O H  0 

@-mandelic aid 

R=AcNH A ( 6 h )  
X -  TSO 

R i k N H  (c) A ( 6 h )  
X-.CSO 

82 (d) 193-1 95 34 
(derivative) (e) (196-197 

WCH0 
cinnamaldehyde 

R-AcNH A ( 1 h )  
X = T a  

96 88-92 I 1.2 35 
(k) (135-136 I25 ) 

&mamy1 alcohol 
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Table I (Continued) 
reaction yie#, ~h (* bp, OC.1 mmHg 
number substrate oxidant method (time) product ref. or mp, OC (It.) (purification method) (b) 

16 

farnesol (mix of isomers) 

nerol 

18 

19 

20 

21 

geraniol p 

us1,2-cycbhexane- 
dimethanol 

22 

R-AcNH 
x= Tso 

R-AcNH 
XI TSO 

R - AcNH 
X = TsO 

RiAcNH 
XI TsO 

R - A C W  
X =  TSO 

2 h )  

1-5 h ) 

R=AcNH (9) A ( 2 h )  
X i  TsO 

R-AcNH (e) A ( 2 h )  
x = cso 

farnesal ( mix of isomers) 

PH;) neral geranial 

(92) " (8)  (f) 

geranial norat 

126-1341 1.0 
(135-155 12)  

73-7411.2 
( 84-85 12 ) 

73-75 I 1.2 
( 84-85 12 ) 

70-72 11.2 
(84-8512) 

74-75 11.4 
(868512) 

88-90 I1.2 
( 72-77 I 0.5 ) 

90-93 11.5 
(72-77 10.5 ) 

36 

37 

37 

38 

38 

23 

23 

41eolat.ed yield of purified product. *FCC: flash column chromatography on silica gel. Dis.: distillation. Rec.: recrystallization. "Half 
amount of oxidants wed to check for enantioselectivity. Yield baaed on 4-(acetylamino)-TEhfPO. e (2,4Dinitrophenyl)hydrazone deriv- 
ative. "The ratios were estimated by gas chromatography and 'H NMR spectroscopy. " h o  equivalents of oxidant wed to produce lactone. 

Scheme I 

A 

R' 

6 
ry 

R 
H 

7 

R 

ry 

8 
m 

obtained on a Hewlett Packard 697OG system equipped with a 
12 M HP-1 capillary column. Elemental analyses were performed 
by Galbraith Laboratories, Inc., Memphis, TN. 

The 4-amin~2,2,6,6-tethylpiperidine was obtained from 
Fluka Chemical Co., Jhnkonkoma, NY, and the various alcohola 
were all commercial Sample8 wed without purification. 
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4-(Acetylamino)-TEMPO (2, R = NHAc). Acetic anhydride 
(70.0 g, 0.686 mol) was added, dropwise, to a solution of 34.6 g 
(0.221 mol) of 4-amino-2,2,6,6-tetramethylpiperidine dissolved 
in 100 mL of anhydrous ether that had been cooled to 0 OC. After 
addition was complete (about 1 h), the solution was stirred for 
30 min at  room temperature. The precipitate was removed by 
filtration and washed with 20 mL of ether to give 55.6 g (98%) 
of 4-(acetylamino)-2,2,6,6-tetramethylpiperidinium acetate, mp 
175 "C subl. 

The acetate was dissolved in 400 mL of water and basified with 
50.0 g of K2CO3.1.5 H20 (0.303 mol). To this solution was added 
80 mL of 30% Ha02, 4.00 g of sodium tungstate, and 4.00 g of 
ethylenediaminetetracetic acid, tetrasodium salt. The mixture 
was stirred at room temperature for 72 h. The red precipitate 
was removed by filtration and washed with 20 mL of H20 to give 
38.6 g of product, which melted at  146-147 OC, lit.2a mp 147.5 OC. 
The filtrate was saturated with solid KzCO3 and extracted with 
two 100-mL portions of CH2C12. The organic phase was washed 
with saturated aqueous sodium chloride, dried over Na2S04, and 
evaporated to give 7.1 g more of product, mp 145-147 O C .  The 
combined yield was 45.7 g (overall yield for the two steps, 97%). 

General Procedure for Alcohol Oxidation. Method A. 
p-Toluenesulfonic acid monohydrate (4.00 g, 21 mmol) was 
suspended in 30 mL of CH2C12 containing 10 mmol of the alcohol 
to be oxidized and cooled to 0 OC. A solution of 4.47 g (21 "01) 
of nitroxide 2, R = NHAc, in 30 mL of CH2C12 was added dropwise 
over 30 min. This addition could be much slower if there were 
a problem with selectivity. The solution was stirred at 0 "C for 
1 h and then at room temperature until it was almost completely 
decolorized. During the last of the reaction or sometimes after 
color was gone, a heavy white precipitate formed. The mixture 
was cooled in ice, and the precipitate was removed by filtration 
and washed with 10 mL of cold CH2C12 to give the salt 4 in 
essentially quantitative yield. The filtrate was washed with 50 
mL of H20 and 50 mL of saturated aqueous NaCl and dried over 
NaaO,. After removal of the solvent, the product was purified 
by distillation or crystallization. The products were identified 
by MS, IR, and NMR spectroscopy, and in some cases by de- 

rivative formation (Table I). 
General Procedure for Alcohol Oxidation. Method B. A 

solution of oxoammonium salt 3, R = NHAc, was prepared by 
stirring a suspension of 4.00 g (21.0 mmol) of p-toluenesulfonic 
acid monohydrate with 4.47 g (21.0 mmol) of nitroxide 2, R = 
NHAc, in 30 mL of CHzC12 for 20 min at 0 OC. An intense red 
color developed from the oxoammonium salt. This solution was 
added dropwise to 10 mmol of the alcohol to be oxidized in 30 
mL of cold CH2C12 over 30 min. The orange solution was then 
stirred at room temperature until the color was essentially gone 
and a dense white precipitate formed. The reaction mixture was 
then processed as described in method A. 

4-( Acetylamino)-2,2,6,6-tetramethyl-l-hydroxy- 
piperidinium p-Toluenesulfonate (4). The salt, as recovered 
from the oxidation reactions, melted at  169-171 OC when the 
temperature was slowly raised. When the temperature was raised 
quickly, a second melting point at  about 145 OC was observed, 
almost surely corresponding to a loss of water. The compound 
was recrystallized from water with no change in mp. Anal. Calcd 
for C , & ~ 2 0 4 S - H 2 0  C, 53.44; H, 7.97; N, 6.97. Found C, 53.72; 
H, 8.05; N, 6.89. 

Recovery of Nitroxide 2, R = NHAc, from Salt 4, R = 
NHAc. A solution of 22.8 g (60 mmol) of 4 in 300 mL of H20 
was made basic with 19.8 g of K2CO8.1.5 H20 (120 mmol). Hy- 
drogen peroxide, 20 mL of 30% (170 mmol), or 27.3 g of sodium 
perborate tetrahydrate (170 mmol) was added, and the solution 
was stirred at  room temperature for 24 h to give an intense red 
solution. The solution was saturated with solid KzCO3, and a red 
precipitate formed. The precipitate was removed by filtration 
to give 11.99 g (98%) of 2, R = NHAc, mp 146-147 OC. The purity 
was sufficient for use in further oxidations. 
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Enantiomer for Efficient Synthesis of Thiamphenicol and Florfenicol 
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The usual synthesis of thiamphenicol and florfenicol involves the resolution of racemic threo-2-amino-l- 
[(4-methylthio)phenyl]-l,bpropanediol into its 1S,2S and 1R,2R isomers ((+)-3 and (4.31, of which only the 
latter is a useful precursor. An efficient conversion of the 1S,2S isomer into the 1 R , m  enantiomer in high yield, 
is described. 

Thiamphenicol, threo-( lR,2R)-2-(dichloroacetamido)- 
l-[(4-methylsulfonyl)phenyl]-1,3-propanediol (l) , l  and 
florfenicol (2),2 the 3-fluoro derivative of 1, are broad- 
spectrum antibiotics (Figure 1). 

Current manufacturing processes for 1 and 2 involve an 
optical resolution at  some stage of the synthesis. In most 
cases, entrainment resolutiong is performed on racemic 
threo-2-amino-l- [ (4-methy1thio)phenyll-l,3-propanediol' 
to afford the 1R,2R isomer (-)-3 (the precursor of 1 and 

(3) (a) Jacques, J.; Collet, A.; Wilen, S.  H. Enantiomers, Racemates 
and Resolutions; John Wiley & Sons: New York, 1981. (b) Collet, A.; 
Brienne, M. J.; Jacques, J. Bull. SOC. Chim. h.. 1972, 127. 

(4) Entrainment resolution of &)-3 Long, L. M. U.S. Pat. 2,767,213, 
1956; Chem. Abstr. 1957,51, 7414b. 
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