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A double mediatory system consisting of Ru04/Ru02 and Cl’/Cl- redox couples has been developed for the 
indirect electrooxidation of alcohols and aldehydes. The reaction proceeds in the following manner: (1) oxidation 
of the substrate with ruthenium tetraoxide (RuO,) in the organic layer, (2) regeneration of ruthenium tetraoxide 
from ruthenium dioxide (RuO,) with active chlorine species (Clz or [Cl]’), and (3) oxidation of chloride ion to 
[Cl]+ on the anode in the aqueous layer. The range of applicability of the present procedure is discussed by 
oxidations of (1) secondary alcohols to ketones, (2) primary alcohols and aldehydes to carboxylic acids, (3) 1,n-diols 
to lactones and keto acids, and (4) carbohydrate derivatives. 

Oxidation of alcohols to carbonyl compounds is a reac- 
tion of preeminent importance in synthetic organic chem- 
istry,’ and, from an environmental point of view, consid- 
erable attention has recently been focused on the devel- 
opment of convenient and inexpensive oxidation methods2 
without resorting to a stoichiometric amount of metal 
reagents such as chromic acid and permanganate ion3 In 
this respect the electrooxidation method is currently a 
subject of intensive re~earch .~  However, due to the in- 
herent high oxidation potential of the hydroxyl group,5 
direct electrooxidation has not shown any success. A va- 
riety of indirect procedures have therefore been devised 
by utilizing appropriate organic and inorganic chemicals 
as mediators (electron carriers).6 However, some of the 
reported indirect electrooxidations are rather insufficient 
when applied to large-scale operation due to their low 
efficiencies with respect to (1) high turnover (catalytic 
recycles) and structural stability of the mediator, (2) facile 
electron transfer to the mediator, (3) rapid oxidation of 
the substrate with the mediator, and (4) easy separation 
of product from the mediator. We report here a facile 

(1) (1) (a) Lee, D. G. In “Oxidation”; Augustine, R. L. Ed.; Marcel 
Dekker: New York, 1969; Vol. 1, p 56. (b) Chinn, L. J. ‘Selection of 
Oxidants in Synthesis”; Marcel Dekker: New York, 1971; p 133. (c) 
Buehler, C. A,; Pearson, D. E. “Survey of Organic Syntheses”; Wiley 
Interscience: New York, 1970; Vol. 1, p 760; 1971; Vol. 2, p 669. 

(2) The following nonmetallic oxidizing reagents have recently been 
explored. NaBrOz-AcOH: (a) Kageyama, T.; Ueno, Y.; Okawara, M. 
Synthesis 1982, 815. (b) Kageyama, T.; Kawahara, S.; Kitamura, K.; 
Ueno, Y.; Okawara, M. Chem. Lett. 1983, 1097. NaOCl-AcOH: (c) 
Stevens, R. V.; Chapman, K. T.; Weller, H. N. J.  Org. Chem. 1980,45, 
2030. Ca(OC1)z-AcOH: (d) Nwaukwa, S. 0.; Keehn, P. M. Tetrahedron 
Lett. 1982,23,35,3131. Oxoaminium salts: (e) Rozantsev, E. G.; Sholle, 
V. D. Synthesis 1971, 401. (f) Miyazawa, T.; Endo, T.; Shiihashi, S.; 
Okawara, M. J.  Org. Chem. 1985,50, 1332. 

(3) Kauffman, J. M.; McKee, J. R. J.  Chem. Ed. 1982, 59, 862. 
(4) Torii, S. “Electroorganic Syntheses: Methods and Applications”; 

Kodansha and Verlag Chemie: Tokyo and Weinheim, 1985; Part I, 
Chapters 8 and 11. 

(5) (a) Weinberg, N. L., Ed. “Technique of Electroorganic Synthesis”; 
Wiley: New York, 1974; Part I, p 435, 465. (b) Lund, H. Acta Chem. 
Scand. 1957,11,491. (c) Sundholm, G. Ibid. 1971,25, 3188. 

(6) Mediators previously reported is as follows. Bromide: (a) Pletcher, 
D.; Tomov, N. J. Appl. Electrochem. 1977,501. (b) Yoshida, J.; Nakai, 
R.; Kawabata, N. J.  O g .  Chem. 1980,45,5269. Iodide: (c) White, D. A. 
J. Electrochem. Soc. 1977, 124, 1177. (d) Shono, T.; Matsumura, Y.; 
Hayashi, J.; Mizoguchi, M. Tetrahedron Lett. 1979, 165. Nitrate ion: (e) 
Leonard, J. E.; Scholl, P. C.; Steckel, T. P.; Lentsch, S. E.; Van De Mark, 
M. R. Ibid. 1980, 21, 4695. Sulfide: (f) Shono, T.; Matsumura, Y.; 
Mizoguchi, M.; Hayashi, J. Ibid. 1979, 3861; (9) 1980, 21, 1867. N- 
Hydroxylamine: (h) Semmelhack, M. F.; Chou, C. S.; Cortes, D. A. J.  Am. 
Chem. Soc. 1983, 105, 4492. N-Hydroxyphthalimide: (i) Masui, M.; 
Ueahima, T.; Ozaki, S. J. Chem. SOC., Chem. Commun. 1983,479. Nickel 
hydroxide: (j) Kaulen, J.; Schifer, H. J. Tetrahedron 1982, 38, 3299. 
Ruthenium complex: (k) Moyer, B. A.; Thompson, M. S.; Meyer, T. J. 
J. Am. Chem. SOC. 1980,102,2310. (1) Thompson, M. S.; De Giovani, W. 
F.; Moyer, B. A.; Meyer, T. J. J. Org. Chem. 1984,49, 4972. 
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ruthenium tetraoxide (RuOJ7 mediated electrooxidation 
of alcohols and aldehydes employing a two-phase system 
consisting of an organic solvent and aqueous sodium 

’ chloride solution. This allows for the separation of elec- 
tron-transfer and chemical reaction processes in an in-cell 
method for strict exclusion of the contact of the substrate 
and product with electrodes. 

It is known that ruthenium tetraoxide is a multipurpose 
oxidizing agentat9 and is soluble in organic solvents, whereas 
ruthenium dioxide, which is a reduced form of ruthenium 
tetraoxide, is insoluble and disperses in the aqueous layer 
of an aqueous-organic two-phase system. We have found 
that ruthenium dioxide suspended in the aqueous phase 
can be instantaneously oxidized to ruthenium tetraoxide 
by the electrolysis in sodium chloride s ~ l u t i o n . ~  Accord- 
ingly, as depicted in Scheme I, the present electrolysis 
process recycles in three reaction steps which involves (1) 
oxidation of alcohols by ruthenium tetraoxide in the or- 
ganic phase, (2) regeneration of ruthenium tetraoxide from 
ruthenium dioxide by the action of active chlorine species 
(Clz or [Cl]+)lo in an aqueous phase, and (3) electrooxi- 

(7) Torii, S.; Inokuchi, T.; Yukawa, T. Chem. Lett. 1984, 1063. 
(8) (a) Djerassi, C.; Engle, R. R. J. Am. Chem. SOC. 1953, 75,3838. (b) 

Lee, D. G.; van der Engh, M. In “Oxidation in Organic Chemistry”; 
Trahanovsky, W. S., Ed.; Academic Press: New York, 1973; Part B, 
Chapter 4, p 177. 

(9) In a catalytic procedure, RuOl is generated in situ by using the 
following chemicals as a stoichiometric oxidant. NaIO,: (a) Caputo, J. 
A.; Fuchs, R. Tetrahedron Lett. 1967,4729. (b) Lawton, B. T.; Szarek, 
W. A.; Jones, J. K. N. Carbohydr. Res. 1969, 10, 456. (c) Gopal, H.; 
Adams, T. Tetrahedron 1972,28, 4259. NaOCl (d) Wolfe, S.; Hasan, 
S. K.; Campbell, J. R. J. Chem. SOC. D 1970, 1420. BaBr03: (e) Ber- 
kowitz, L. M.; Rylander, P. N. J. Am. Chem. SOC. 1958, 80, 6682. (f) 
Yamamoto, Y.; Suzuki, H.; Moro-oka, Y. Tetrahedron Lett. 1985, 26, 
2107. H2OZ: (g) Mitui Petrochemical Industries Ltd. Jpn Kokai Tokkyo 
Koho 80102528, 1981; Chem. Abstr. 1981, 94, 467742. AcOOH: (h) 
Sheng, M. N. US. Patent 3997 578,1977; Chem. Abstr. 1977,86,105956~. 
(i) Ketcha, D. M.; Swern, D. Synth. Commun. 1984,14,915. Pb(OAc),: 
(j) Nakata, H. Tetrahedron 1963,19, 1959. K2S208: (k) Schroder, M.; 
Griffith, W. P. J. Chem. SOC., Chem. Commun. 1979, 58. (1) Johnson, 
Matthey Inc. Jpn Kokai Tokkyo Koho 8085527,1981; Chem. Abstr. 1981, 
94,46252~. K,Fe(CN)G: (m) Singh, L. P.; Singh, R. P. J. Indian Chem. 
SOC. 1981,58, 1204. 

(10) [Cl]’ denotes the positive chlorine species anodically generated 
from chloride ion. For the anodic oxidation of chloride ion: Dotaon, R. 
L.; Lynch, R. W. J. Electrochem. SOC. 1981, 128, 798. 

0 1986 American Chemical Society 
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Figure 1. Small-scale electrolysis cell for a constant current 
electrolysis (undivided): (1) anode and cathode (platinum, 1.5 
X 2.0 cm); (2) platinum wire; (3) organic phase; (4) aqueous phase; 
( 5 )  stirring bar; (6) gas outlet. 

dation of chloride ion to reactive chlorine species on the 
anode. 

It is one of the purposes of this investigation to evaluate 
the scope and limitation of this indirect electrooxidation 
by studying (1) oxidation of secondary alcohols to ketones, 
(2) oxidation of primary alcohols and aldehydes to car- 
boxylic acids, (3) oxidation of 1,n-diols to ladones and keto 
acids, and (4) oxidation of carbohydrate derivatives. A 
study of the reactivity of primary and secondary hydroxyls 
to the oxidants under a preparative electrolysis conditions 
was also undertaken. 

Results 
Oxidation of Secondary Alcohols to Ketones. In- 

direct electrooxidation of secondary alcohols to ketones 
has been attempted in a two-phase solution consisted of 
carbon tetrachloride and aqueous sodium chloride using 
platinum foil electrodes immersed in the upper aqueous 
phase in an undivided cell. For example, the electrolysis 
of 4-tert-butylcyclohexanol (1, 1.0 mmol) in a CC14 (5 
mL)-saturated NaCl (buffered at pH 4 with 0.2 M Na- 
H2P04, 10 mL) system in the presence of Ru02.2Hz0 (3 
mg, 0.02 mmol) at a current of 20 mA/cm2 (applied voltage: 
2.0-3.0 V) afforded 4-tert-butylcyclohexanone (2) in 93% 
yield by passing 2.4 F/mol of electricity (for about 64 min). 
We have encountered no difficulties in scaling up the above 
procedure to 10-15-mmol scales by using the same reaction 
medium (CC14 (5 mL)-saturated NaCl (pH 4, 10 mL)- 
RuO2-2H20 (3-8 mg)) in the electrolysis cell shown in 
Figure 1 to give approximately identical chemical yields. 
In large-scale experiments (about 100-150-mmol scale), the 
electrolysis was carried out by using a circulating flow cell 
(Figure 2), in which the electrolyte was circulated at  a 
linear rate of about 10 cm/s and most of the RuO2.2Hz0 
employed was recovered by filtration. 

The effect of halide salts in the aqueous layer was first 
examined in order to elucidate the optimum conditions. 
As shown in Table I, entries 1-7, satisfactory yields and 
current efficiencies were obtained when LiC1, NaC1, KC1, 
MgClZ, and CaC1, were employed as electron carriers for 
the oxidation of ruthenium dioxide to ruthenium tetra- 
oxide. Ammonium chloride, however, did not work as well 
as was expected (entry 9). Both 0.5% HC1 and sodium 
bromide afforded good results in producing 2 but were less 
efficient in their current efficiencies (entries 8 and 10). It 
should be noted that sodium iodide and potassium fluoride 
were not effective at  all under the same electrolysis con- 
ditions (entries 11 and 12). 

In addition, the concentration of sodium chloride (NaCl) 
and the pH in the aqueous layer were found to be im- 
portant with respect to the conversion yield and current 

Figure 2. Schematic drawing of a circulating flow cell for a 
constant current electrolysis: (1) anode (graphite plates, 59 X 
29 X 5 mm); (2) cathode (stainless gauze, 59 X 29 X 0.5 mm); (3) 
polypropylene vessel (ca. 14 X 4.5 X 4 cm); (4) anode and cathode 
terminal; (5) electrode plates; (6) electrolyte inlet and outlet; (7) 
heat exchanger with cooling water; (8) circulating pump; (9) gas 
outlet. 

Table I. Effect of Halide Salt in the Oxidation of 
4-tert-Butylcyclohexanol (1) to 2" 

product 
halide salt electricity,b yield, %' 

entry (electrolyte) F/mol 2 1 
1 LiCl 2.6 91 
2 NaCl 2.4 92 
3 NaCld 2.4 93 
4 NaCl" 2.4 88 
5 KC1 2.4 90 
6 MgC12 2.6 91 
1 CaC12 2.9 88 
8 HClf 1.2 91 
9 NHiCl 17.9 21 63 

10 NaBr 5.3 90 
11 NaI 14.8 93 
12 KF 19.2 92 

Unless otherwise noted, electrooxidations were performed a t  
room temperature, using 1 (1 mmol), Ru02.2Hz0 (3 mg, 0.02 
mmol) in CC1, (5 mL)-aqueous 15% halide salt solution (10 mL) 
buffered at pH 4 with 0.2 M NaHzPO,. *Consumed electricity 
based on 1. 'Yields based on isolated products. dSaturated solu- 
tion (ca. 23%) was used. eNeutral solution (pH 7) was used. 
10.5% solution was used. 

efficiency. As shown in Figure 3, in which the yield of 2 
vs. the pH of the aqueous solution under various sodium 
chloride concentrations is plotted, saturated sodium 
chloride (ca. 23% solution) is of more advantage than low 
sodium chloride concentration and the current efficiency 
reaches a maximum at  pH 4. Furthermore, the current 
density in the course of electrolysis affects the current 
efficiency. The plots of electricity required for the com- 
plete conversion of 1 to 2 under various current densities 
are shown in Figure 4, indicating that a current maintained 
at about 20 mA/cm2 seems to be preferable for producing 
the desired 2. 

Sharpless et al. reported that ruthenium tetraoxide 
catalyzed oxidation of a variety of organic substrates could 
be greatly improved in a mixed solvent of MeCN- 
CCl4-H20 (2/2/3 v/v/v) system using sodium metaper- 
iodate as a stoichiometric oxidant.'l The electrooxidation 
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Figure 3. Relationships between the yield of 2 vs. pH of the 
aqueous phase under various sodium chloride concentrations. 
Electrolyses of 1 were carried out similarly as described in the 
Experimental Section and the produds were isolated after passing 
2.0 F/mol of electricity: (0) aqueous saturated NaC1, (0) aqueous 
5% NaCI, (a) aqueous 0.5% NaCl. 
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Figure 4. Plots of electricity required for complete conversion 
of 1 into 2 under various current densities. Electrolyses were 
performed using 1 (1.0 mmol) and Ru02.2H20 (0.02 mmol) in CC14 
(5 mL)-saturated NaCl (buffered at pH 4 with 0.2 M NaH2P0,, 
10 mL)-Pt system. 

of 1 in the same media, however, proceeds much slower 
compared with CC14-H20 (1/2 v/v) system and required 
5.5 F/mol of electricity to complete the conversion. After 
examining a variety of solvent systems (Table 11), we have 
found that a two-phase system consisting of CCl4-H20 (1/2 
v/v) is the best choice for the electrooxidation of 1. 
However in the cases where the alcohol was miscible with 
water, the electrolysis can be carried out in aqueous sodium 
chloride without using carbon tetrachloride to give high 
yields of the oxidized material (Table 111, entries 12-15). 

Several other ruthenium compounds, i.e., RuC13.(H20),, 
R u ~ ( C O ) ~ ~ ,  and R U C ~ ~ ( P ~ ~ P ) ~  were also found to be useful 
in the electrooxidation of 1. The results including elec- 
tricity required for complete conversion of 1 to 2 and yield 
of 2 obtained by using the above ruthenium compounds 
under the electrolysis conditions of entry 3 (Table I) are 
as follows: RuCI3.(H2O), (2.4 F/mol, 91 % ); R u ~ ( C O ) ~ ~  (2.4 
F/mol, 91%); RuC12(Ph3P), (2.5 F/mol, 92%). 

The procedure described here is applicable for oxidation 
of a variety of aliphatic and aromatic secondary alcohols. 

(11) Carlson, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B. J. 
Org. Chern. 1981, 46, 3936. 

Table 11. Electrooxidation of 1 in Various Organic 
Solvent-Saturated NaCl Systems" 
organic solvent-H,O 

entry (satd NaCl) (v/v) F/mol yield of 2, % b  

CCld-HZO (1/2) 2.4 

CHZClz-HzO (1/2) 6.0 
AcOEt-HzO (1/2) 3.6 
acetone-H20 (1/2) 3.6 

CHClS-HzO (1/2) 8.8 

hexane-H20 (1/2) 4.4 
CHSCN-HZO (1/2) 8.3 
CC14-CH&N-H20 (2/2/3) 5.5 

93 
87 
91 
91 
91 
92 
91 
91 

"Carried out using 1 (1.0 mmol) and Ru02.2Hz0 (0.02 mmol) 
with platinum electrodes in an undivided cell. Based on isolated 
products. 

Examples carried out under the conditions of entries 3 and 
4 in Table I are summarized in Table I11 (entries 1-15). 
Methyl ketones are formed without undergoing a subse- 
quent haloform reaction (entries 1 and 2). Oxidations of 
hydroxyl groups at the benzylic position proceed without 
any change at  the benzene nucleus, giving the corre- 
sponding phenyl ketones (entries 8 and 9). The poten- 
tiality of the present procedure as a practical oxidation 
method is demonstrated by the oxidation of cyclo- 
hexane-1,4-diol to the corresponding diketone, a key in- 
termediate in the commercial synthesis of 7,7,8,8-tetra- 
cyanoquincdimethane (TCNQ)12 (entry 12). Both cis and 
trans 1,Zdiols provided dicarboxylic acids through the C-C 
bond cleavage (entries 13-15). 

Oxidation of Primary Alcohols and Aldehydes to 
Carboxylic Acids. In the oxidation of octyl alcohol we 
met with some difficulties in producing the corresponding 
carboxylic acid under the acidic conditions of entry 3 
(Table I). As shown in entry 17 (Table 111), the yield of 
octanoic acid could be improved to 68% yield from 45% 
(entry 16) when the electrolysis was conducted at  pH 7. 
The oxidation of primary alcohols with the exception of 
benzyl alcohol (entry 20) usually proceeded sluggishly in 
low yields (6&77%) (entries 1619, Table 111) and required 
about 6-7 F/mol of electricity to complete the conversions. 
In the case of octyl alcohol which lacks substituents at the 
C-2 position, a small amount of dimeric ester (13-16%) 
was observed, formed presumably via a hemiacetal inter- 
mediate (entries 16 and 17, Table 111). These results 
suggest that this electrooxidation appears to be slightly 
influenced by geometric or steric constraints (compare 
entries 18 and 19, Table 111). Aromatic and aliphatic al- 
dehydes were converted into the corresponding carboxylic 
acids smoothly (entries 21 and 22, Table 111). 

It was suggested by Sharpless et al.ll that a lower valent 
oxoruthenium carboxylate complex may be formed ac- 
companying the loss of catalyst activity when carboxylic 
acids are either present or generated in the course of ox- 
idation with ruthenium(VII1) tetraoxide. As shown in 
Table IV, we examined the catalytic activity of a p3-OXO- 
ruthenium carboxylate complex by using [Ru30- 
(OAc),] +-OAc13 toward the electrooxidation of secondary 
and primary alcohols to the corresponding ketone 2 and 
carboxylic acid, respectively. It was found that this Ru- 
(III)/Ru(II) mixed valence complex was slightly less active 
when the electrolysis of the secondary alcohol 1 was carried 
out at pH 4. However, the same electrolysis of the primary 
alcohol at either pH 7 or pH 4 proceeded smoothly, in 
analogy with Ru02.2H20, giving the corresponding car- 
boxylic acid in almost identical yields (Table IV). 

(12) Crawford, R. J. J. Org. Chem. 1983, 48, 1366. 
(13) Spencer, A.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1972, 

1570. 
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Table 111. Electrooxidation of Secondary and Primary Alcohols, Aldehydes, and 1,n -Diols with Ruthenium Tetraoxide" 
entry alcohol aqueous solutionb electricity, F/molc product (yield, % ) d  

1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 
15 

16 
17 
18 
19 

20 
21 
22 
23 

24 

25 

26 

27 
28 

29 
30 
31 
32 
33 
34 

2-octanol 
2-tetradecanol 
cyclooctanol 
cyclododecanol 
l-menthol 

2.4 
2.4 
2.4 
2.5 
2.4 
2.8 

2-octanone (90) 
2-tetradecanone (93) 
cyclooctanone (88) 
cyclododecanone (92) 
l-menthone (88) ao (91) 

2,5,5-trimethylcyclohexanol 
1-phenyl-1-propanol 
diphenylcarbinol 
2-nitro-3-nonanol 
1,l-dichloro-2-octanole 
cyclohexane-1,4-diolf 
cis-cyclohexane-1,2-diol~ 
trans-cyclohexane-l,2-diol~ 

&:" 
1-octanol 
1-octanol 
cyclohexylmethanol 

2.5 
2.4 
2.4 
2.7 
2.2 
4.4 
8.8 
6.7 
8.7 

2,5,5-trimethylcyclohexanone (92) 
phenethyl ketone (91) 
benzophenone (92) 
2-nitro-3-nonanone (83) 
l,l-dichloro-2-octanone (83) 
cyclohexane-1,4-dione (94) 
adipic acid (75)h 
adipic acid (75)h 
cyclopentane-1,3-dicarboxylic acid (74)h 

A 
B 
B 
B 

6.2 
6.8 
6.0 
7.0 

octanoic acid and octyl octanoate (13) 
octanoic acid (68)h and octyl octanoate (16) 
cyclohexanecarboxylic acid (76)h 

(77P 

B 
B 
B 
B 

4.0 
4.0 
4.0 
5.8 

benzoic acid 
benzoic acid 
heptanoic acid (86)h 

benzyl alcohol 
benzaldehyde 
heptanal 

B 7.0 

B 8.1 RkOH OH 

HO &\OH 
B 7.1 x 

Lo& (74) 

decan-4-olide (79) 

fiAo (75' 

decan-5-olide (79) 
6-oxoundecanoic acid (65)h 
7-oxododecanoic acid (69)h 
10-oxoundecanoic acid (89)h 
12-oxotridecanoic acid (85)h 
15-oxohexadecanoic acid 

B 
B 

6.9 
5.0 

HO A O H  

decane-l$-diol 
undecane-1,6-diol 
dodecane-1,7-diol 
undecane-1,lO-diol 
tridecane-1,12-diol 
hexadecane-1,15-diol 

B 5.7 
B 10.0 
B 10.7 
B 8.5 
B 13.1 
B 11.5 

"Unless otherwise noted, all electrolyses were carried out using 1.0-1.5 mmol of alcohols and 0.02-0.04 mmol of Ru02.2H20 in CC14 (5 
mL)-saturated NaCl (10 mL) with Pt foil electrodes (3 cm2) under a constant current of 60 mA (applied voltage: 2-4 V) in an undivided cell. 

Consumed 
electricity based on the substrates. Based on isolated products after column chromatography @ioz). 'Carried out under a constant current 
density of 10 mA/cm2. 'Carried out in saturated NaCl buffered at  pH 4 without using CClk gCarried out in saturated NaCl (pH 7) without 
using CC4. 

Aqueous electrolyte solution: A = saturated NaCl buffered at  pH 4 by 0.2 M NaH2P04, B = saturated NaCl a t  pH 7. 

Isolated as methyl ester (with CH,N2 in ether) and purified by column chromatography (Si0.J. 

Table IV. Electrooxidation with R~,O(OAC)~(H~O)~*-OAC as a Catalysta 
recovery of 

entry alcohol pH in aqueous phase F/mol product yield, 70 * alcohol, 70 
1 4-tert-butyl-cyclohexanol 7 2.4 81 trace 
2 4- tert-butylcyclohexanol 4c 2.4 75 16 
3 cyclohexylmethanol 7 4.8 71 trace 
4 c yclohexylmethanol 4 c  4.8 72 trace 

"Carried out using 1.0 mmol of alcohols and 5 mg (0.006 mmol) of Ru~O(OAC)~(H~O)~+-OAC in CC14 (5 mL)-saturated NaCl (10 mL) 
system under a current of 20 mA/cm2 (applied voltage: 2.0-3.0 V) at  room temperature in an undivided cell. bBased on isolated products. 
Used buffer solution of 0.2 M NaH2P04. 
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Table V. Electrooxidation of Some Carbohydrate Derivatives with Ruthenium Tetraoxidea 
entry alcohol solvent systemb mA/cm2 (F/mol) product (yield, 

A COOH 16.7 (7.0) 

(83 )  

(1.8) 

A 17 (6.9) HOOC 

1 8 6 )  

4 

a Unless otherwise noted, electrolyses were carried out using 1.0-1.5 mmol of alcohols and 0.02-0.04 mmol of Ru02.2H20 at room tem- 
perature in an undivided cell. *Solvent system in electrolysis: A = CCll ( 5  mL)-saturated NaCl (buffered solution at  pH 7, 10 mL), B = 
CCld (3 mL)-t-BuOH (2 mL)-saturated NaCl (10 mL), C = acetone (5  mL)-saturated NaCl (pH 7, 10 mL). cBased on isolated products. 

Oxidation of 1,n -Diols to Lactones and Keto Acids. 
Recently, it has been reported that R u C ~ ~ ( P ~ ~ P ) ~ , ' ~  
RuH2(Ph3P),,15 and R U ~ ( C O ) ~ ~ ~  are effective dehydration 
catalysts for 1,4- and 1,5-diols in the presence of adequate 
hydrogen acceptors to produce the corresponding y- and 
&lactones. Furthermore, RuC12(Ph3P)," has been ex- 
ploited for selective oxidation of primary alcohols to the 
corresponding aldehydes and y-lactones. However, to our 
knowledge there is no report on the synthesis of lactones 
by the oxidation of diols with ruthenium tetraoxide. As 
shown in entries 23-26 (Table 111), the electrooxidation 
of bis primary 1,4- and 1,5-diols in a CC1,-saturated NaCl 
(pH 7)-Pt system afforded the corresponding y- and 6- 
lactones smoothly. Of particular interest is the oxidation 
of diols bearing a pair of primary and secondary hydroxyl 
groups at  1,4- and 1,5-positions to produce the corre- 
sponding y- and b-ladones, presumably a~ a result of initial 
oxidation of the primary hydroxyl group at  the terminal 
position followed by the oxidation of the resulting inter- 
mediary lactol (entries 27-29). However, diols whose 
secondary hydroxyl groups were separated by more than 
four methylene linkages from the terminal hydroxyl group 
produced the corresponding keto acids predominantly 
(entries 30-34). 

Oxidation of Carbohydrate Derivatives. There is 
continuous interest in developing a convenient procedure 
to oxidize carbohydrates,18 since they are now widely used 
as chiral templates for the enantioselective synthesis of 
biologically active natural products.lg As the extension 

of the present work, we examined the oxidation of some 
carbohydrates partially protected as acetonides. The 
electrooxidations were performed under an almost neutral 
conditions and the results are listed in Table V. In the 
oxidation of 1,2:5,6-di-O-isopropylidene-cu-~-glucofuranose 
in a CCl., (3 mL)-t-BuOH (2 mL)-saturated NaCl(l0 mL) 
system (entry l), slight overoxidation of the ketone to the 
lactone was observed from the initial stage of the reaction.20 
The oxidation of the lactol (entry 2) was carried out suc- 
cessfully in an acetone-saturated NaCl (buffered solution 
of pH 7) system, instead of employing a clearly separated 
two-phase system of CC1,-saturated NaC1. As shown in 
entry 3,2,3:4,6-di-O-isopropylidene-~-sorbose was smoothly 
converted into keto-L-gulonic acid, an important inter- 
mediate for L-ascorbic acid (vitamin C) synthesis,21 though 
the formation of a small amount of dimeric ester is ac- 
companied. In this case, it is necessary to neutralyze the 
liberated acid by adding 5 96 sodium bicarbonate during 
the electrolysis. Similar electrolysis of the primary alcohol, 
1,2:3,4-di-0-isopropylidene-a-~-galactopyranose, provided 
the corresponding galacturonic acid, in good yield (entry 
4). 

In conclusion, we have explored in this work the utility 
of the double mediatory system for the electrooxidation 
of alcohols and aldehydes to the carbonyl compounds and 
also demonstrated the efficiency of ruthenium tetraoxide 
as a recycling, oxidizing catalyst. Good results were ob- 
tained and may be attributed to the two-phase system in 
which the oxidation of the substrate and regeneration of 

(14) (a) Ishii, Y.; Osakada, K.; Ikariya, T.; Saburi, M.; Yoshikawa, S. 
Chern. Lett. 1982,1179. (b) Sasson, Y.; Blum, J. J. Org. Chem. 1975,40, 
1887. 
(15) Murahashi, %-I.; Ito, K.-i.; Naota, T.; Maeda, Y. Tetrahedron 

Lett. 1981, 22, 5327. 
(16) (a) Blum, Y.; Reshef, D.; Shvo, Y. Tetrahedron Lett. 1981, 22, 

1541. (b) Shvo, Y.; Blum, Y.; Reshef, D.; Menzin, M. J.  Organornet. 
Chem. 1982.226. C21. 
(17) Tomiokaj H.; Takai, K.; Oshima, K.; Nozaki, H. Tetrahedron 

(18) Butterworth, R. F.; Hanessian, S. Synthesis 1971, 70. 
Lett. 1981, 22, 1605. 

(19) (a) Inch, T. D. Tetrahedron 1984, 40, 3161. (b) Hanessian, S. 
"Total Synthesis of Natural Products: The 'Chiron' Approach"; Perga- 
mon Press: Oxford, 1983. (c) Vasella, A. In 'Modern Synthetic 
Methods"; Scheffold, R. Ed.; Otto Salk Verlag and Verlag Sauerlander: 
Frankfurt and Aarau, 1980; p 173. 
(20) Nutt, R. F.; Dickinson, M. J.; Holly, F. W.; Walton, E. J. Org. 

Chern. 1968, 33, 1789. 
(21) Kirk, R. E.; Othmer, D. F. Ed., in "Encyclopedia of Chemical 

Technology"; The Interscience Encyclopedia, Inc. and Maruzen Compa- 
ny, Limited: New York and Tokyo, 1966; Vol. 2, p 150. 
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oxidants were carried out separately. The simplicity of 
product isolation and the relatively low cost of the oxidants 
make this procedure a potential alternative to standard 
methods of oxidation which require stoichiometric amount 
of either metal oxidant or expensive reagents. 

Experimental Section 
Melting points are uncorrected and boiling points are indicated 

by an air-bath temperature without correction. IR spectra were 
recorded with a JASCO IRA-1 grating spectrometer. Unless 
otherwise noted, 'H NMR spectra were determined a t  60 MHz 
with a Hitachi R-24 spectrometer. '% NMR spectra were recoded 
with a JEOL FX-100 spectrometer a t  25.05 MHz. Samples were 
dissolved in CDC1, and the chemical shifts are expressed in 6 
values (ppm) relative to Me4Si as an internal standard. Optical 
rotations were taken on a JASCO DIP-140 digital polarimeter. 
Elemental analyses were performed in our laboratory. 

Materials. Ru02.2HZ0, RuC13.(H20),, and RU,(CO)~~ pur- 
chased from Nippon Engelhard Company were used. Commer- 
cially available starting alcohols were used as received, and other 
alcohols prepared by using known methods were purified by 
distillation or column chromatography prior to use. Carbon 
tetrachloride was distilled once over P205 before use, and the 
aqueous buffered solution was prepared by dissolving appropriate 
phosphate salts in aqueous sodium chloride. 

Electrolysis Apparatus. Electrolyses were usually carried 
out in a 30 mL glass cell (2.5 cm diameter and 10 cm height) fitted 
with a gas lead pipe, a stirring bar, and two platinum foil electrodes 
(3 cm2) placed parallel to each other 15 mm apart (Figure 1). The 
vessel was immersed in a water bath maintained in a range of 

Generation of RuO, from Ru02.2H20 by Electrolysis. 
Ru02-2H20 (20.2 mg, 0.12 mmol) suspended in CCl, (5 mL)- 
saturated NaCl (buffered a t  pH 4 with 0.2M NaH2P04, 10 mL) 
was electrolyzed a t  a constant current of 20 mA/cm2 (applied 
voltage: 1.8 V) with a vigorous stirring. The CCl, layer turned 
pale yellow with Ru04 when 4 F/mol of electricity (based on 
RuO2.2H20) has been passed (it took about 12.9 m). The mixture 
was filtered off and CCl, layer was separated from the filtrate 
and then treated with excess of 2-propanol a t  0.5 OC to regenerate 
ruthenium dioxide. Evaporation of solvent followed by washing 
with CC14 and water left 18.4 mg (91.1%) of Ru02.2H20 as a black 
solid. 

General Procedure for Electrooxidation of Secondary 
Alcohols. 4-tert-Butylcyclohexanol (1, 156 mg, 1.0 mmol) was 
dissolved in CCl, (5 mL) in a electrolysis vessel and to this solution 
was added Ru02.2H20 (3 mg, 0.02 mmol) and saturated NaCl 
buffered a t  pH 4 with 0.2 M NaH2P04 (10 mL). In the upper 
aqueous layer of the biphase mixture was immersed two platinum 
foil electrodes, and the mixture was electrolyzed under a constant 
current of 20 mA/cm2 by changing the current direction every 
30 s with slight vigorous stirring. The electrolysis was continued 
until the organic phase changed to  a slight yellow solution from 
dark black (it required the passage of about 2.4 F/mol of electricity 
based on the alcohol 1). The mixture was then treated with 
2-propanol (0.5 mL) to destroy the excess ruthenium tetraoxide 
and filtered off. The CCl, layer was separated and the aqueous 
layer was extracted with CH2C12. The combined extracts were 
washed with water, dried over Na2SO4, and concentrated in vacuo. 
The crude product was purified by column chromatography (SO2, 
hexane-AcOEt, 5:l) to give 143 mg (93%) of 4-tert-butylcyclo- 
hexanone (2): mp 47-49 "C; IR (Nujol) 1715 (C=O), 1580,1370, 
1220, 1160 cm-'; 'H NMR (CDC13) 6 0.89 (s, 9, CH3), 1.15-1.65 
(m, 4, CH2), 1.70-2.45 (m, 5, CH,CO, CH). 

Similar electrolysis of 2.34 g (15 mmol) of 1 using 6 mg (0.035 
mmol) of Ru024?H20 in the same electrolysis medium as above 
took about 2.6 F/mol of electricity to complete the conversion 
and the desired ketone 2 was obtained in 93% yield. 

Oxidation of 1 in a Circulating Flow Cell. Procedure for 
a Large-Scale Operation. Into a flow cell as depicted in Figure 
2 (200 mL volume) were added 4-tert-butylcyclohexanol (1 ,  18 
g, 115 mmol), Ru02.2H20 (58 mg, 0.34 mmol), CC14 (60 mL), 
saturated NaCl (120 mL), NaH2P04 (3.7 g). These substances 
were mixed by being circulating a t  a linear rate of ca. 10 cm/s 
by a glass-coated flowing-pump. The resulting suspension was 

15-20 "C. 

Torii e t  al. 

electrolyzed a t  a constant current of 1.8 A with three graphite 
plate electrodes (59 X 29 X 5 mm) as an anode. During the 
electrolysis, the pH and temperature of the solution was main- 
tained a t  a pH range of 3-5 and 20-25 "C, respectively. The 
electrolysis was continued until 3.1 F/mol of electricity has been 
passed. The mixture was then treated with 2-propanol and fdtered 
to recover most of the catalysts. The organic phase was separated 
and the aqueous layer was extracted several times with CHC1,. 
Combined extracts were dried over Na2S04 and concentrated to 
give 18.75 g of the crude product which was purified by column 
chromatography (Si02, hexane-AcOEt, 9:l) to give 16.8 g (95 %: 
current efficiency 60.4 %) of 2 as solids. 

Oxidation of Secondary Alcohols Miscible with Water. 
A mixture of cyclohexane-1,4-diol (128.5 mg, 1.11 mmol) and 
Ru02-2H20 (3.3 mg, 0.02 mmol) in saturated NaCl (buffered a t  
pH 4 with 0.2 M NaHZPO,, 10 mL) was electrolyzed under a 
constant current of 20 mA/cm2 (applied voltage: 2-4 V) at 10-15 
"C. After 4.4 F/mol of electricity has been passed, the mixture 
was treated with 2-propanol (0.5 mL) and concentrated in vacuo. 
The residue was extracted with AcOEt (10 mL X 3) and the 
extracts were dried (Na2S04). Evaporation followed by purifi- 
cation on column chromatopaphy (SO2, hexane-AcOAt, 31) gave 
116.8 mg (94%) of cyclohexane-l,4-dione: mp 77-78 "C; IR 
(CHCld 3000,1720 (M), 1418,1118,962 cm-'; 'H NMR (CDC1,) 

Oxidation of IJ-Diols. A mixture of cis-cyclohexane-l,2-diol 
(123.6 mg, 1.06 mmol) and Ru02.2H20 (3.9 mg; 0.02 mmol) in 
saturated NaCl (unbuffered solution, 10 mL) was electrolyzed 
under a constant current of 20 mA/cm2 (applied voltage: 2-4 V). 
After passage of 14.4 F/mol of electricity, the reaction was 
quenched with 2-propanol (1 mL). Extractive workup with CH2C12 
followed by esterifcation of the crude product with excess CH2N2 
in ether gave 135.9 mg (73 %) of dimethyl adipate after purifi- 
cation on column chromatography @io2, hexane-AcOEt, 3:l). 

Oxidation of Primary Alcohols. A mixture of cyclohexyl- 
methanol (133.9 mg, 1.17 mmol) and Ru02.2H20 (3.7 mg, 0.02 
mmol) in CC1, (5 mL)-saturated NaCl (unbuffered solution, 10 
mL) was electrolyzed in a similar manner as described for the 
oxidation of secondary alcohols by passing 6.0 F/mol of electricity. 
Extractive workup including acidification with 10% tartaric acid 
followed by estefiication of the crude product with CH2N2 in ether 
gave 127.1 mg (76%) of methyl cyclohexanecarboxylate after 
purification by column chromatography @io2, hexane-AcOEt, 
4: 1). 

Oxidation of 1,n -Diols. Oxidation of decane-1,5-diol (193 
mg, 1.1 mmol) was carried out in a CCll (5 mL)-saturated NaCl 
(pH 7,lO mL) system in the presence of Ru02-2H20 (3.4 mg, 0.02 
m o l )  by passing 5.7 F/mol of electricity under a constant current 
of 20 mA/cm2 (applied voltage: 2-4 V). Extractive workup 
followed by purification of the crude product on column chro- 
matography (Si02, hexane-AcOAt, 3:l) gave 150 mg (79 %) de- 
can-5-olide: bp 121-123 "C (3 mm) (lit.22 bp 157 "C (11 mm)); 
IR (neat) 1731 (lactone C=O),  1464,1340,1140,1120,1050,1038, 
938 cm-'; 'H NMR (CDCl,) 6 0.89 (m, 3, CH,), 1.30-2.13 (m, 12, 
CH2), 2.28-2.69 (m, 2, CHZCO), 4.08-4.52 (m, 1, CHO). 

Oxidation of Carbohydrate Derivatives. A solution of 
2,3:4,6-di-0-isopropylidene-a-~-sorbofuranose (263 mg, 1.0 mmol) 
and Ru02.2H20 (3.7 mg, 0.02 mmol) in CCl, (5  mL)-saturated 
NaCl (unbuffered solution, 10 mL) was electrolyzed under a 
constant current of 16.7 mA/cm2. In the course of the reaction, 
the mixture was neutralized by adding 0.5 mL of 4.2% NaHCO, 
after 2 F/mol of electricity has been passed. After passage of 8 
F/mol of electricity, the mixture was made slightly alkaline (pH 
&9) with saturated HaHC03 and neutral products were removed 
by washing with CH2Cl2. The aqueous layer was acidified with 
10% tartaric acid (pH 3-4) under cooling and extracted with 
CH2C12 (5 mL x 2). The extracts were washed with brine, dried 
(Na2S04), and concentrated to give 231.1 mg (83%) of 2,3:4,6- 
di-0-isopropylidene-8-ketogulonic acid: mp 104-106 "C (from 
AcOEt) (lit.23 mp 98-99 "C); [ ~ t ] ' ~ ~  +8.2' (c 1.08 in H20);  IR 
(CHC1,) 3365 (COOH), 1780 ( C S ) ,  1446,1371,1085,1054,965, 
905, 857,816 cm-'; 'H NMR (100 MHz, CDCI3) 6 1.38, 1.46, 1.53, 
1,58 (s, 12, CH,), 3.94 (br, 1, COOH), 4.17 (m, 2, CH20), 4.30 (m, 

6 2.74 (9, 8, COCH2). 

(22) Rosenmund, K.-W.; Bach, A. Cheni. Ber. 1961, 94, 2401. 
(23) Reichstein, T.; Grussner, A. Helu. Chim. Acta  1934, 17, 311. 
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1, CHO), 4.45 (m, 1, CHO), 4.67 (8 ,  1, CHO). From the neutral 
extract portion was isolated 9.4 mg (1.8%) of dimeric ester by 
cautious chromatography (SiOz, hexane-AcOEt, 2:l); IR (neat) 
1748 (C=O), 1447,1385,1378,1200,1160,1120,1088,1076,987, 
948, 907, 866, 830 cm-'. 

Physical and spectral data for selected compounds in Tables 
I11 and V are as follows. (lS,2S,5R)-2,6,6-Trimethylbicyclo- 
[3.l.l]heptan-3-one: bp 127-129 "C (9 mm) (lit.24a bp 54-56 "C 
(1 mm); [.I2,,, -15.5' (c 0.72 in MeOH) (lit.24a value of d enan- 
tiomer is +10.3"). 

2-Nitr0-3-nonanone:~ bp 125-127 "C (9 mm); IR (neat) 1725 
(C=O), 1560 (NO2), 1450,1402,1380,1050,875 cm-'; 'H NMR 
(100 MHz, CDC1,) 6 0.89 (m, 3, CH,), 1.30 (m, 6, CHz), 1.66 (m, 
2, CHZ), 1.70 (d, J = 7 Hz, 3, C(N02)CH3), 2.58 (t, J = 7 Hz, 2, 
COCHZ), 5.23 ( q , J  = 7 Hz, 1, COCHNOZ); 13C NMR (CDC13) 6 
14.0 (q), 15.0 (q), 22.5 (t), 23.2 (t), 28.5 (t), 31.5 (t), 39.1 (t), 88.9 
(d), 199.8 (s). Anal. Calcd for C&7N03: C, 57.73; H, 9.15. Found 
C, 57.95; H, 9.34. 
l,l-Dichloro-2-nonanone: bp 105-107 "C (9 mm); IR (neat) 

1735 (C=O), 1468,1405,1380,1220,1145,1100,1060,785,735 
cm-'; 'H NMR (CDCl,) 6 0.88 (m, 3, CH3), 1.32 (m, 8, CHJ, 2.78 
(t, J = 6.5 Hz, 2, COCH2), 5.73 (s, 1, COCHClJ. Anal. Calcd 
for C8Hl4Cl20: C, 48.75; H, 7.16. Found C, 48.63; H, 7.03. 

Dimethyl cis -cyclopentane-l,3-dicarboxylate: bp 100-102 
"C (9 mm) (lit.26 bp 140 "C (25 mm)); 13C NMR (CDC13) 6 29.1 
(t, 2 C), 33.4 (t), 43.8 (d, 2 C), 51.8 (4, 2 C), 175.7 (8 ,  2 C). 

Methyl ( 1S,2R ,55 )-6,6-dimet hylbicyclo[3.1.1] heptane-2- 
carboxylate:2' bp 106-108 "c (9 mm); [.Iz3D -21.4" (c  1.06 in 
EtOH); IR (neat) 1736 (ester C=O), 1434,1359,1326,1202,1070, 
1016 cm-'; 'H NMR (CDC1,) 6 0.79, 1.21 (s, 6, CH,), 1.17 (d, J 
= 9 Hz, 1, CH), 1.65-2.12 (m, 7, CH2, CH), 2.78-3.30 (m, 1, CHO), 
3.77 (s, 3, OCH,). 

lf-cis-2-(Hydroxymethyl)cyclohexane-l-carboxylic acid, 
y-lactone (tetrahydrophthalide): bp 133-135 "C (15 mm) (lit.2s 
bp 122 "C (9-10 mm)); 13C NMR (CDCl,) 6 22.6 (t), 23.0 (t), 23.5 
(t), 27.2 (t), 35.4 (d), 39.5 (d), 71.8 (t), 178.5 (9). 

Phthalide: mp 71-72 "C (liLZ9 mp 72-73 "C). 
endo -2,3-cis -3- (Hydroxymet hyl)norbornane-2-carboxylic 

acid, y-lactone: mp 147-148 "C (lit.30 mp 148-149 "C). 
3,3-Dimethylpentan-5-olide: bp 140-142 "C (19 mm) (lit.31 

bp 110 "C (10 mm)); IR (neat) 1730 (lactone C=O), 1460,1400, 
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(31) Wheeler, 0. H.; Granell de Rodriguez, E. E. J. Org. Chem. 1964, 

29, 1227. 
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1365,1250,1210,1165,1075,1035 cm-'; 'H NMR (CDCl,) 6 1.09 
(8,  6, CH3), 1.69 (t, J = 6 Hz, CHZ), 2.31 (s, 2, COCHJ, 4.35 (t, 
J = 6 Hz, CH20). 

Decan-4-olide: bp 156-158 "C (18 mm) (lit.32 bp 84 " C  (0.2 
mm)). 
3,3-Dimethylhexan-5-olide: bp 142-144 "C (16 mm) (lit.,, 

bp 122 "C (13 mm)); IR (neat) 1730 (lactone C=O), 1450,1383, 
1370,1264,1245,1172,1138,1042,985,968 cm-'; 'H NMR (CDCl,) 
6 1.07, 1.09 (s,6, CH,), 1.38 (d, J = 6 Hz, 3, CH,), 1.60-2.01 (m, 
2, CHz), 2.30 (m, 2, CHzCO), 4.25-4.80 (m, 1, CHO). 

Methyl 6-oxoundecanoate: bp 113-115 "C (14 mm) (lit.34 
bp 133-135 "C (19 mm)). 

Methyl 7-oxododecanoate: bp 118-120 "C (14 mm) (lit.% bp 
139-141 OC (19 mm)). 

Methyl 10-oxoundecanoate: bp 124-127 "C (5 mm) (lit.35 
bp 163 OC (13.5 mm)). 

Methyl 12-oxotridecanoate: mp 31-32 "C (lit.% mp 32.6-33.2 
"C). 

Methyl 15-Oxohexadecanoate: mp 47-48 "C; IR (Nujol) 1733 
(ester C=O), 1708 (M), 1467,1436,1262,1233,1203,1171,880, 
712 an-'; 'H NMR (CDCl,) 6 1.25 (m, 22, CHz), 2.11 (e, 3, COCH,), 
2.29 (t, 4, COCHz), 3.64 (s, 3, OCH,); 13C NMR (CDClJ 6 23.9 
(t), 25.0 (t), 29.2 (t, 2 C), 29.4 (t, 3 C), 29.6 (t, 4 C), 29.9 (q), 34.1 
(t), 43.8 (t), 51.4 (q), 174.3 (s), 209.3 (5). Anal. Calcd for C17H3203: 
C, 71.79; H, 11.34. Found: C, 71.93; H, 11.46. 

lf:5,6-Di-0-isopropylidene-cu-~-ribofuranos-3-ulose: mp 
105-107 "c (from ether-hexane) (lit.37 mp 108-110 "c); [.]"D 
+39" (c 0.51 in HzO) (lit.37 +40°); IR (CHC13) 1775 (C=O), 1455, 
1376,1215,1155,1085,1022,880,760 cm-'; 'H NMR (CDC13) 6 
1.32, 1.45 (s, 12, CH,), 3.90-4.50 (m, 5, CHzO, CHO), 6.09 (d, J 
= 4.5 Hz, 1, CHO). 

mp 
122-123 "C (lit.% mp 126 "C); [CY]'$ +50° (c 1.52 in CHCl,) (lit.% 
+50.6"); IR (Nujol) 1780, 1768 (lactone C=O), 1378,1198, 1118, 
1078,1035,973,850 cm-'; 'H NMR (100 MHz, CDCl,) 6 1.41, 1.45 
(8 ,  6, CH3), 1.50 (s,6, CH3),4.14 (m, 2, CHzO), 4.42 (m, 2, CHO), 
4.90 (m, 2, CHO). 

1,2:9,4-D~-O-isopropylidene-cu-~-galacturonic acid: 
149-151 "C (lit.39 mp 157 "C); [a]leD -92" (c 1.11 in CHC1,) (lit. 

1356,1155,1136,1005,1162,1010,895,836 cm-'; lH NMR (100 

(m, 5, CHO, COOH), 5.70 (d, J = 5 Hz, 1, CHO). 

2,3:5,6-Di- 0 -isopropylidene-D-allono- 1 ,I-lactone: 

"3Pg 
-84"); IR (CHC13) 3500-2500 (COOH), 1775,1736 (COOH), 1375, 

MHz, CDC13) 6 1.36 (9, 6, CH3), 1.46, 1.53 (8 ,  6, CH3), 4.36-4.90 
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