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the intermediate.16 Clearly, ascorbate is an unusually 
effective nucleophile despite being an oxyanion with a 
rather low basicity. Our results raise the question of the 
involvement of ascorbate anion in biological acyl-transfer 
reactions. 
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hgif3tIy No. Ascorbate anion, 299-36-5; p-nitrophenyl acetate, 
830-03-5; 2,4-dinitrophenyl acetate, 4232-27-3; p-nitrophenyl 
diphenylphosphinate, 10259-20-8. 
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(16) See also the related structure of a 3-ester; J. Jernow, J. Blount, 
E. Oliveto, A. Perrotta, P. Rosen, and V. Toome, Tetrahedron, 35,1483 
(1979). Unfortunately the 2-OH hydrogen is not shown but the structure 
suggests hydrogen bonding between the 2-OH and the P=O groups. 
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There have been many procedures for oxidative cleavage 
of olefinic double bonds to produce carbonyl compounds,1 
e.g.: (a) ozonolysis;2 (b) oxo-metal reagents, such as per- 
manganate3~4 and ruthenium te t ra~xide ;~  ( c )  for certain 
nucleophilic olefins, the 02-copper system6 and singlet 
molecular oxygen.' The transition metal-alkyl peroxide 
systems have attracted much interest because of the useful 
reagents for selective oxidations.8 In the metal-catalyzed 
epoxidation of olefins, the hydroxyl group at  the allylic 
position accelerates the regio-, stereo-, and enantioselec- 
tivity."1° However, there are few reports concerning the 
olefinic double bond cleavage reaction using these tran- 
sition metal-alkyl peroxide systems. Recently, we have 
found that the double bond of silyl enol ethers undergoes 

ganic 
(2) 

, Sheldon, R. A.; Kochi, J. K. 'Metal-Catalyzed Oxidations of Or- 
Compounds"; Academic Press: New York, 1981. 
Bailey, P. S. 'Ozonation in Organic Chemistry"; Academic Press: 

New York, 1978; Vol. 1. 
(3) Permanganate oxidation without phase-transfer catalysts. (a) 

Lemieux. R. U.: Ludoloff. E. Can. J. Chem. 1955.33.1701. (b) Shamless. 
K. B.; Lauer, R. F.; Repic, 0.; Teranishi, A. Y.; Williams, D. R. J: Am: 
Chem. SOC. 1971,93,3303. 

(4) Permanganate oxidation with phase transfer catalysts. (a) Starks, 
C. M. J. Am. Chem. SOC. 1971,93,195. (b) Sam, D. J.; Simmons, H. E. 
Ibid. 1972,94,4024. IC) Krapcho, A. P.; Larson, J. R.; Eldridge, J. M. J.  
Org. Chem. 1977,42, 3749. (d) Lee, D. G.; Chang, V. S. Ibid. 1978,43, 
1532. 

(5) (a) Wolfe, S.; Hasan, S. K.; Campbell, J. R. J. Chem. SOC., Chem. 
Commun. 1970, 1420. (b) Ayres, D. C.; Hassan, A. A. M. Ibid. 1972,428. 

(6) Kaneda, K.; Itoh, T.; Kii, N.; Jitsukawa, K.; Teranishi, S. J. Mol. 
Catal. 1982, 15, 349 and references cited therein. 

(7) Wasserman, H. H.; Murray, R. W., Eds. "Singlet Oxygen"; Aca- 
demic Press: New York, 1979. 

(8) Sharpless, K. B.; Verhoeven, T. R. Aldrichimica Acta 1979,12,63 
and references cited therein. 

(9) Itoh, T.; Jitsukawa, K.; Kaneda, K.; Teranishi, S. J. Am. Chem. 
SOC. 1979, IOI, 159. 

(10) (a) Katsuki, T.; Sharpless, K. B.; J. Am. Chem. SOC. 1980, 102, 
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Scheme I. Oxidative Cleavage of 2-Ethyl-2-hexen-1-01 

Scheme 11. Possible Mechanism of the Cleavage Reaction 
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oxidative cleavage with the Mo02(acac),-t-Bu00H sys- 
tem.ll Here, we show that molybdenum complexes can 
be used to catalyze the oxidative cleavage of olefinic double 
bonds by use of excess t-BuOOH and that the allylic hy- 
droxyl group exerts the directing effect for the regiose- 
lectivity. Molybdenum compounds appear specific in the 
present cleavage reaction.12 

In the molybdenum-catalyzed oxidation of allylic alco- 
hol, the effects of metal valency and ligands on the cata- 
lytic activity were examined. These results are shown in 
Table I. Profound differences in both catalytic activity 
and the product selectivity were not observed among the 
homogeneous molybdenum complexes; 1-octen-341 gave 
hexanoic acid of two less carbons as a major product ac- 
companying a small amount of valeric acid from a loss of 
three carbons. The heterogeneous MOO, catalyst showed 
low activity (run 4). Probably it takes a long time for MOO, 
to dissolve in the reaction medium. MoO,(acac), complex 
is used as a representative catalyst because of its availa- 
bility and facility in handling as well as activity. 

The reaction of 2-ethyl-2-hexen-1-01 gave butyric acid 
and propionic acid as major products (Scheme I). The 
cleavage at the a-position leads to the formation of butyric 
acid, and both a and /3 cleavages give propionic acid. 
Formic acid is derived from the /3 cleavage. A small 
amount of acetic acid was also observed. It is notable that 
the cleavage occurs selectively at the two positions of the 
double bond and adjacent single bond with the hydroxyl 
group in the allylic alcohol oxidation. The results of allylic 
alcohol and isolated olefin oxidations using the Moo2- 
(acac)+BuOOH system are summarized in Table 11. 
2-Octen-1-01 (internal olefin) gave hexanoic acid formed 
from the cleavage of the double bond. The regioisomers 
of 1-phenyl-2-propen-1-01 and cinnamyl alcohol produced 
the same product, benzoic acid, in good yields. Acyclic and 
aromatic allylic alcohols showed high reactivity for the 
present reaction, whereas cyclic allylic alcohols afforded 
dicarboxylic acids in poor yields. In the case of isolated 
olefins without hydroxyl groups, aromatic olefins gave the 
double bond cleavage products in moderate yields. Ali- 
phatic olefins with allylic hydrogens showed low reactivity 
for the cleavage reaction, and the lower carboxylic acids 
were formed as overoxidation products.13 It is clear that 
the allylic hydroxyl group can accelerate the molybde- 

(11) Kaneda, K.; Kii, N.; Jitsukawa, K.; Teranishi, S. Tetrahedron 

(12) By use of the epoxidizing catalyst VO(acac)2 in place of MOO,- 
Lett. 1981, 22, 2595. 

(acac),, a small amount of cleavage products was observed, and an epoxy 
alcohol was the major product. 

(13). This phenomenon was reported on the potassium permanganate 
oxidation of terminal olefins (see ref 4c). 
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Table I. Effect of Metal Valency and Ligands on Molybdenum-Catalyzed Oxidation of 1-Octen-3-ola 
product yield,b % 

run catalyst metal valency reaction time C , C O O H ~  C , C O O H ~  
1 Moo  (acac ) + 6  48 h 79 6 
2 co 16 0 48 h 65  9 
3 MOO( TPP)OHe + 5  48 h 61 8 

72 h 74 9 

10 days 77 4 
4 MOO, + 6  48 h 1 8  trace 

a Reaction conditions: 
Yield was based on substrate and determined by GLC. 

1-octen-3-01, 3 mmol; catalyst, 0.06 mmol; t-BuOOH, 30 mmol; dry benzene, 1 5  mL; 70 "C. 
Hexanoic acid of two less carbons. Valeric acid of three less 

carbons. e TPP = tetraphenylporphyrin. 

Table 11. Oxidation of Various Olefinic Compounds 
Using the  MoO,(acac),-t-BuOOH Systema 

run substrate products % 
yield, 

1 

5 

6 

7 
8 

9 
10 
11 
1 2  

13 

1 4  

15 
1 6  

1 -oc ten- 3 -01 

2-oc ten-1 -01 

2-ethyl-2-hexen-1-01 

4-methyl-3-penten-2-01 
1 -cyclohexyl-2- 

propen-1-01 
1-phenyl-2-propen-1-01 
cinnamyl alcohol 
2-cyclohexen-1-01 
2-methylene- 

cyclohexan-1-01 
l-octenec 

2-octenec 

styrene' 
cy -methylstyrened 

hexanoic acid 
valeric acid 
hexanoic acid 
valeric acid 
butyric acid 
propionic acid 
acetic acid 
acetic acid 
cyclohnxane- 

benzoic acid 
benzoic acid 
glutaric acid 
adipic acid 

heptanoic acid 
hexanoic acid 
valeric acid 
hexanoic acid 
valeric acid 
benzoic acid 
acetophenone 

carbbxylic acid 

79 
6 

73 
11 
70 
77 

6 
96 
72 

92 
84 
8 

11 

22 
7 
3 

34 
11 
57 
63 

a Reaction conditions: substrate, 3 mmol; 
MoO,(acac),, 0.06 mmol; t-BuOOH, 30 mmol; dry 
benzene, 1 5  mL;  70 "C; 48 h. 
detected in all runs. t-BuOOH ( 2 4  mmol), 24 h.  
Although the reaction was prolonged further, the yields 
of carboxylic acids did not increase. 
mmol). 

Formic acid was also 

t-BuOOH (24  

num-catalyzed cleavage reaction and control the regiose- 
lectivity. 

This cleavage reaction involves epoxidation at an early 
stage;14 the initially formed epoxides disappeared as the 
oxidation of allylic alcohols or isolated olefins proceeded. 
The reaction of 1,2-epoxyoctan-3-01 gave hexanolic acid 
under similar conditions as those in the above oxidations. 
Also, oxidation of 1,2-epoxyoctane exhibited a result sim- 
ilar to that of 1-octene.15 Presumably the cleavage of an 
epoxide might occur via a five-membered metallacyclic 
(C-0-Mo-0-C) species which is formed from the attack 
of a MFO species on the oxirane ring. An allylic alcohol 
which can bind to the M d  species as an allylic &oxide 
affords a double five-membered metallacyclic species 
(Scheme 11). 

The metallacyclic species immediately decomposes t o  
give carbon-carbon bond cleavage products of aldehydes 

, I 

(14) In the oxidative cleavage of dihydropyran with a peroxo- 
molybdenum complex, a pyran epoxide has been reported as an inter- 
mediate. See: Frimer, A. A. J. Chem. SOC., Chem. Commun. 1977,205. 

(15) One may imagine that the cleavage reaction involves a diol in- 
termediate formed from hydrolysis of the epoxide. However, the par- 
ticipation of a diol should be ruled out, because the best solvent was 
absolute benzene and diol could not be detected in the present reaction. 

or ketones. The coordination of the allylic hydroxyl to 
molybdenum causes the high reactivity for the cleavage 
reaction and prevents the overoxidation. The low re- 
activity of the cyclic allylic alcohols is due to the rigid 
metallacyclic intermediate. Aldehyde is further oxidized 
to the corresponding carboxylic acid under the reaction 
conditions.16 

It should be noted that the regioisomers of allylic alco- 
hols lead to the same carboxylic acids in the present system 
(runs 1 and 5;  9 and 10). When a successive procedure of 
allylic oxidation and the molybdenum-catalyzed cleavage 
reaction is carried out, terminal olefins can be transformed 
into carboxylic acids of two less carbons. 

RCHCH=CH2 
t Mo- BuOOH 

1 

RCH2CH=CHZ - f * 
[OI OH 

RCH=CHCH20H - RCOOH 

Experimental Section 
Infrared spectra were recorded on a Hitachi EPI-G spectro- 

photometer. NMR spectra were obtained on a Hitachi R-600 
spectrometer with tetramethylsilane as an internal standard. Gas 
chromatography (GLC) was performed on Yanaco G-8 and G-180 
instruments with a 3 m X 2.6 mm i.d. or 0.5 m X 2.6 mm i.d. 
column packed with 3% silicone OV-17 on Celite, 15% polyester 
FF on Neosorb, and 10% Unisole 30T on Uniport. 

Metal compounds were commercial grade and used without 
further purification. The MoO(TPP)OH complex was prepared 
according to the method of F1ei~cher.l~ 2-Octen-1-01, 2-ethyl- 
2-hexen-1-01, and 4-methyl-3-penten-2-01 were prepared by the 
LiAlH., reduction of the corresponding carbonyl compounds. 
1-Phenyl-2-propen-1-01 and 1-cyclohexyl-2-propen-1-01 were 
synthesized by the Grignard method. 2-Cyclohexen-1-01 was 
obtained by the following reaction sequence, Le., bromination of 
cyclohexene with N-bromosuccinimide followed by hydrolysis with 
NaHC03 in acetonewater (3:2). 2-Methylenecyclohexan-1-01 was 
prepared by the Se02-H202 oxidation of methy1enecyclohexane.l8 
Other allylic alcohols and olefins were commercially available. 

General  Method for Oxidation of Olefinic Compounds 
with Metal Catalyst. Metal catalyst (0.06 mmol) was placed 
into a 50-mL round-bottom flask, and the atmosphere was re- 
placed with a nitrogen stream. The olefinic compound (3.0 "01) 
in 8 mL of benzene was introduced through the side arm. To this 
solution was added 24-30 mmol of t-BuOOH in 7 mL of benzene 
dropwise during 30 min a t  room temperature. Then the reaction 
solution was stirred at 70 O C  for 24-48 h and quenched by addition 
of saturated Na2S03 and NaHC03 solution. To the resulting 
aqueous layer was added concentrated HCl followed by extraction 
with ether. The ethereal solution was dried over anhydrous 

(16) During the course of the cleavage reaction, the amount of the 
intermediate aldehyde increased with decreasing epoxy alcohol in GLC 
analysis. 

(17) Srivastava, T. S.; Fleischer, E. B. J. Am. Chem. SOC. 1970, 92, 
5518. 

(18) Coxon, J. M.; Dansted, E.; Hartshom, M. P. Org. Synth. 1977,56, 
25. 
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MgSO, without neutralization. Concentration on a rotary 
evaporator gave crude products. The crude oxidation products 
were analyzed by GLC to determine the product yields. Excep- 
tionally, the produced dicarboxylic acids were directly analyzed 
by GLC without the treatment as above. 

Preparation and Oxidation of Epoxy Alcohol. 1,2-Ep- 
oxyodan-3-01 was prepared according to the our previous method? 
Fractional distillation under reduced pressure gave the epoxy 
alcohol. For 1,2-epoxyoctan-3-0l: bp 132-138 "C (13 mm); NMR 
(CDC13) 6 0.8-1.7 (m, 11 H, CH3 and CH2), 1.97 (br s, 1 H, OH), 
2.7-3.1 (m, 3 H, CHO), 3.7-4.0 (m, 1 H, CHO). 

Oxidation of 1,2-epoxyoctan-3-01 (430 mg, 3 mmol) and t- 
BuOOH (3.3 g, 30 mmol) in the presence of M~O~(acac)~ (19.6 
mg, 0.06 "01) was carried out under the same conditions as those 
described in allylic alcohol oxidations. Hexanoic acid (254 mg, 
73% yield) was obtained as the major oxidation product. 

Registry No. t-BuOOH, 75-91-2; M~O~(acac)~, 17524-05-9; 

27-5; l-octen-3-01,3391-86-4; 2-octen-l-ol,22104-78-5; 2-ethyl-2- 
hexen-1-01, 50639-00-4; 4-methyl-3-penten-2-01, 4325-82-0; 1- 
cyclohexyl-2-propen-l-o1, 4352-44-7; 1-phenyl-2-propen-1-01, 
4393-06-0; cinnamyl alcohol, 104-54-1; 2-cyclohexen-l-ol,822-67-3; 
2-methylenecyclohexan-1-01, 4065-80-9; 1-octene, 111-66-0; 2- 
octene, 111-67-1; styrene, 100-42-5; a-methylstyrene, 98-83-9. 

Mo(CO)B, 13939-06-5; MoO(TPP)OH, 28780-74-7; Moos, 1313- 
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In the course of developing a versatile synthetic route 
to natural products containing more than one five-mem- 
bered carbocyclic ring (polyquinanes) we needed a general 
route to cyclopentadienes substituted with functionalized 
alkenyl chains. These compounds can serve as precursors 
for intramolecular Diels-Alder reacti0ns.l 

Two complementary routes to substituted cyclo- 
pentadienea may be envisioned (eq 1). Route A represents 

the well-precedented alkylation of cyclopentadiene anion. 
This method works well for primary and secondary tosy- 
lates (or me~ylates)~ but not for tertiary halides (Brieger4 
has reported alkylation with a tertiary halide but in poor 
yield). Method B outlines a less explored two-step ap- 
proach that requires the formation of a fulvene followed 
by addition of a nucleophile to the polarized exocyclic 
double bond. A few examples of this type of reaction have 
been reported.&' In the majority of these examples, the 

(1) For a related paper in this series see: Sternbach, D. D.; Hughes, 
J. W.; Burdi, D. F.; Forstot, R. M. Tetrahedron Lett. 1983, 24, 3295. 

(2) Undergraduate research participant. 
(3) (a) Breitholle, E. G.; Fallis, A. G. J. Org. Chem. 1978,43,1964. (b) 

Glass, R. S.; Herzog, J. D.; Sobczau, R. L. Ibid. 1978,43, 3209. 
(4) Brieger, G. J. Am. Chem. SOC. 1963,85, 3783. 
(5) (a) Little, W. F.; Koestler, R. C. J. Org. Chem. 1961,26, 3247. (b) 

Ziegler, K.; Gellet, H. G.; Martin, H.; Schnider, J. Justus Liebigs Ann. 
Chem. 1954,589,91. 

(6) Knox, G .  R.; Pauson, R. L. J. Chem. SOC. 1961, 4610. 

reaction was used to prepare substituted metallocenes by 
addition of simple alkyllithiums to 6,6-dialkylfulvenes and 
trapping of the intermediate anions with a metal 
Only in one instance' was the reaction used specifically for 
the preparation of a functionalized cyclopentadiene. 

For many of our target molecules, application of method 
A would require the alkylation of cyclopentadiene with a 
secondary neopentyllic halide. Since the outlook for such 
an alkylation was poor, we decided to further explore the 
use of method B for the preparation of functionalized 
cyclopentadienes. Herein we report the synthesis of several 
Diels-Alder precursors by this method. 

The fulvenes may be formed by condensation of cyclo- 
pentadiene with an aldehyde in the presence of base. For 
relatively unhindered aldehydes (Le., aldehydes with a 
protons), a dialkylamine may be used as the bases (eq 2) 
while for cup-disubstituted aldehydes preformation of so- 
dium cyclopentadienide is necessary to obtain good yields 
of fulvenes (eq 3). 

J - K5 - 6 

Conversion of the resulting fulvenes into substituted 
cyclopentadienes has been carried out in two different 
ways. When no additional substituent is desired, reduction 
of the exocyclic fulvene double bond with LiA1H4 affords 
fair to good yields of substituted cyclopentadienes (eq 2 
and Table I, entry a). Attempts at selectively reducing a 
fulvene in the presence of an a,@-unsaturated ester (i.e., 
2) failed. Either the reagent had no effect on the fulvene 
(NaBH4 or DIBA1-H at  -78 "C) or complex mixtures re- 
sulted (LiAlH4 or CuI/Vitride), presumably by subsequent 
reactions of the cyclopentadiene anion with the a,P-un- 
saturated ester. Finally, we found that when the ester 
functionality was intentionally reduced first with diiso- 
butylaluminum hydride at room temperature, subsequent 
reduction of the fulvene with LiAlH4 to 3 occurred in good 
yield (65% ). Reduction of the ester might be circumvented 
by the use of method A (requiring alkylation with a pri- 
mary halide). However, attempts a t  suitable alkylations 
did not result in the formation of the desired p r o d ~ c t . ~  

The addition of alkyllithiums was generally carried out 
by addition of the fulvene to a solution of the desired 
lithium compound at 0-25 OC. In all examples mixtures 
of double bond isomers in the cyclopentadiene ring were 
formed. In addition, when the fulvene contained a chiral 
center, a mixture of epimers a t  the newly formed chiral 
center was obtained (Table I, entries c-e). 

In all cases the fulvenes were characterized by 'H and 
13C NMR and IR. The substituted cyclopentadiene 

(7) Buchi, G.; Berthet, D.; Decorzant, R.; Grieder, A.; Hauser, A. J .  
Org. Chem. 1976, 41,3208. 

(8) Little, R. D.; Miller, G. W. J. Am. Chem. SOC. 1981, 103, 2744. 
(9) When i (X = I, OMS) was treated with cyclopentadiene anion, a 

more complex product was formed. The nature of this product and its 
formation are being investigated further. 

X &COpEt - 

( lo)  Luche, J.-L.; Damiano, J.-C. J. Am. Chem. SOC. 1980, 102, 7926. 
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