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Ceric ammonium nitrate in 70% aqueous acetonitrile oxidizes 5-phenyl-1-pentanol and 4-phenyl-1-butanol to 
2-benzyl- and 2-phenyltetrahydrofuran, respectively. Competing processes include benzylic oxidation leading to 
ketone formation and to oxidative cleavage products. The effects on tetrahydrofuran formation by changing the 
cerium concentration and by varying the solvent are given. Oxidation of 3-phenyl-1-propanol yields chromanone 
as the only major reaction product when 2 equiv of ceric ammonium nitrate is employed. Chromanone is oxidized 
to chromone when >2 equiv of the oxidant is used. The mechanistic implications of these results are discussed. 

Cerium(1V) oxidations of primary alcohols, unlike those 
of benzylic,2 cyclopropylcarbinyl,3 or certain secondary al- 
c o h o l ~ , ~  yield tetrahydrofuran derivatives. Tetrahydrofur- 
an formation represents but one of the three modes of reac- 
tion identified with cerium(1V) oxidations of alcohols, the 
others being oxidative cleavage resulting in substrate frag- 
mentation and a-carbon-hydrogen cleavage yielding al- 
dehydes or ket0nes.j 

Trahanovsky, Young, and Nave have studied the oxida- 
tion of 1-pentanol by ceric ammonium nitrate (CAN) and 
found 2-methyltetrahydrofuran as the only isolable reac- 
tion product.6 Although the similarity of this reaction to 
that of the corresponding lead tetraacetate oxidation7 has 
been pointed out, the synthetic utility and mechanistic 
course of cerium(1V) oxidations of primary alcohols have 
not been further documented. 

Phenyl-substituted alkanols have been used previously 
to determine the effect of the phenyl group on the course of 
lead tetraacetate oxidations.s The phenyl label is useful for 
identifying the hydrogen transfer step and for determining 
its specificity in reactions of alcohols with one-electron oxi- 
dants. 

Results 
6-Phenyl- 1-pentanol. Oxidation of 5-phenyl-1-pentanol 

(10 mmol) by ceric ammonium nitrate (20 mmol) in 25 ml 
of 70% aqueous acetonitrile a t  75' afforded 2-benzylte- 
trahydrofuran (1) and benzoic acid as the only major iden- 
tifiable reaction products (eq 1). Two other products, ten- 
tatively identified as benzaldehyde and 5-phenyl-1-pentyl 
nitrate, were observed by GLC analysis but in combined 

amounts of less than 8%; unreacted alcohol, by far the 
major constituent of the reaction mixture (77%), was also 
identified. The yield of 1, based on reacted 5-phenyl-1-pen- 
tanol, was 40%; benzoic acid was formed in less than 10% 
yield. 

CAN CGH,CH,CH,CH,CH,CH*OH 7% aq CH,CN* 

1 

4-Phenyl-1-butanol. The ceric ammonium nitrate oxi- 
dation of 4-phenyl-1-butanol in 70% aqueous acetonitrile 
gave a complex mixture of products consisting of 2-phenyl- 
tetrahydrofuran (2), 3-benzoyl-1-propanol, benzoic acid, 
and 4-phenyl-1-butyl nitrate (eq 2). No aldehyde product 

was detected. The variation in the yields of 2-phenylte- 
trahydrofuran and of recovered 4-phenyl-1-butanol and 4- 
phenyl-1-butyl nitrate with increasing cerium(1V) concen- 
tration and with modifications in the oxidation procedure 
is given in Table I. As can be seen from this data, the opti- 
mum yield of the tetrahydrofuran (58%) occurs when 4- 

Table I 
Product Yields from the Cerium(1V) Oxidation of 4-Phenyl-1-butanola 

Yield  of 2-PhTHF 
Recovered based Qn 

[Ce(lV)l,* M IROHI, M Solvent 2-PhTHF, % '  2-PhBuONOz, U C  4-PhBIIOH, % c  oxidized ROHd 

0.10 0.10 70% CH~CN-HZO 11 8 68 46 
0.20 0.10 70% CH~CN-HZO 23 8 52 58 
0.20e 0.10 70% CH~CN-HZO 0 90 0 
0.20  0.10 70% HOAc-HzO 6 13  3 8f 12 
0.20  0.10 70% CH~CN-HZO-HNO~' 13  8 52 33 
0.40 0.10 70% CH,CN-H20 22 9 20 31 
0.60 0.10 70% CH3CN-HzO 24 12 7 30 
0.80 0.10 70% CH~CN-HZO 24 Trace 19 30 
1.60 0.10 70% CHSCN-HZO 3 Trace 10 3 

a The cerium(1V) salt was added to a flask containing the alcohol, usually in 25 ml of the aqueous solvent. The homogeneous mixture wa8 
heated on a steam bath for 0.5-1.0 hr or until the orange-red color of cerium(1V) had disappeared. * Ceric ammonium nitrate was used, un- 
less specified otherwise. Absolute yield determined by GLC analysis with reference to an internal standard. From duplicate runs the pre- 
cision in the yields of 4-PhBuOH + 4-PhBuONOz was determined to be within &2%. d (70 2-PhTHF/100 - [To 4-PhBuOH + % 4-PhBu- 
ONOz]) x 100. e Ceric ammonium sulfate was used. f Combined yield of alcohol and acetate. g [HNOa] = 0.90M. 
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phenyl-1-butanol is oxidized with 2 equiv of CAN; increas- 
ing the cerium concentration results in a decrease in the 
yield of 2 and in recovered alcohol. In 70% aqueous acetic 
acid or when the 70% aqueous acetonitrile solvent con- 
tained nitric acid, the yield of 2 was substantially decreased 
relative to that from the corresponding oxidation in 70% 
aqueous acetonitrile. 

Upon addition of ceric ammonium nitrate to  alcohol in 
70% aqueous acetonitrile the bright red color characteristic 
of a 1:l cerium(1V)-alcohol complexg was observed. When 
ceric ammonium sulfate (CAS) was used instead of CAN, 
however, complex formation between alcohol and ceri- 
um(1V) was not detected. Only unreacted alcohol was ob- 
tained after attempted oxidations of 4-phenyl-1-butanol by 
CAS. 

To determine whether alkyl nitrates or nitrites are inter- 
mediates in the CAN oxidation of alcohols, 1-pentyl nitrate 
and 4-phenyl-1-butyl nitrite were individually treated with 
2 equiv of ceric ammonium nitrate under the same condi- 
tions as those used in alcohol oxidations. 1-Phenyl nitrate 
was recovered unchanged from the reaction mixture. 4- 
Phenyl-1-butyl nitrite rapidly decolorized the CAN solu- 
tion; however, only 4-phenyl-1-butanol was produced. 

3-Phenyl-1-propanol. Oxidation of 3-phenyl-1-propa- 
no1 with 2 equiv of CAN in 70% aqueous acetonitrile a t  
steam-bath temperatures yielded 4-chromanone (3) as the 
only identifiable nonacidic reaction product (eq 3). When 

0 9 

3 4 

additional ceric ammonium nitrate was used, 4-chroma- 
none was converted to  chromone (4). The yields of 3,4, and 
recovered alcohol with increasing cerium(1V) concentration 
are given in Table 11. 2,3-Benzo-5,6-dihydro-y-pyran (chro- 
man) was not observed as a product from these oxidations 
(<2% yield). 

Table I1 
Product Yields from the Cerium(1V) Oxidation of 

3-Phenyl- 1 -propanola 

<CAN1 1 4-Chroma- Chromone, Recovered 

[CAN], M [ROHI, M I R O H I  none, (3) ,  % *  (4), X b  3-l'WrCH, % *  

0.073 0,073 1.0 7 0 87 
0.194 0.097 2.0 14 Trace 81 
0.292 0.073 4.0 27 5 63 
0.464 0,058 8.0 30 17 37 
0.232 0.029 8.0 30 14 25 
a Ceric ammonium nitrate was added to a flask containing the 

alcohol in 70% aqueous acetonitrile. The aqueous solution was 
heated on a steam bath until the orange-red color of cerium(1V) 
had disappeared. Absolute yield determined by GLC and/or 
lH NMR analysis. From duplicate runs the precision in product 
yields was &2%. 

In contrast to the results from oxidations in 70% aqueous 
acetonitrile, in water only trace amounts of 3 and 4 were 
produced when 3-phenyl-1-propanol was oxidized by CAN 
(8 equiv);1° 3-phenyl-1-propanol was recovered in 35% 
yield, 2% benzaldehyde was detected, and the major prod- 
uct was benzoic acid (30% yield). In anhydrous acetonitrile 
a complex mixture of products was produced in which 3 
and 4 were only minor components. 

Discussion 
A mechanism consistent with the results from the oxida- 

tion of 5-phenyl-1-pentanol and 4-phenyl-1-butanol by 
ceric ammonium nitrate is given in Scheme I. Complex for- 

Scheme I 
RCH2CH,CH,CH,0H -I- Ce4+ e RCH2CH2CHLCH,0Ce3+ + H +  

RCH2CH2CH2CH,0Ce'+ - RCH?CH2CH2CH20 + Ce'+ 
@.If- 

(4 1 
( 5 )  

RCH2CH&H,CH20, - RCHCH,CH,CH20H (6) 

RCHCH~CH~CH~OH + ~ e 4 +  - R~HCHJH,CH,OH -t CeA+ 17) 

RCHCH,CH,CH,OH + H+ (8) + "9 1 
OH RCHCH,CH,CH,OH , 

mation between the alcohol and cerium(1V) appears to be a 
necessary condition for the subsequent production of an 
alkoxy radical (eq 5) leading to 1,5-hydrogen transfer (eq 
6), electron transfer (eq 7 ) ,  and carbenium ion trapping (eq 
8 and 9). Under conditions in which the extent of complex 
formation is less than that with CAN in 70% aqueous aceto- 
nitrile, reaction with CAS, or in 70% aqueous acetic acid,$ 
the yield of the tetrahydrofuran product is substantially 
decreased. 

The specificity of the hydrogen transfer step and the 
lack of a-C-H bond cleavage in tetrahydrofuran formation 
point t o  the intermediacy of an alkoxy radical in the CAN 
oxidations of primary alcohols. 1,5-Hydrogen transfer is 
observed exclusively in oxidations of 5-phenyl-1-pentanol 
by CAN and by lead tetraacetate? even though 1,6-hydro- 
gen transfer would yield the more stable benzylic radical; a 
similar specificity is observed in intramolecular hydrogen 
transfer reactions to alkoxy radicals generated from nitrite 
esters and hypoch1yites.ll The influence of cerium on the 
hydrogen-transfer step, if any, could not be distinguished 
in this study. 

The carbenium ion produced by electron transfer to ceri- 
um(IV) from the carbon radical (eq 7 )  can conceivably un- 
dergo intramolecular trapping to give the observed tetrahy- 
drofuran (eq 9) or intermolecular trapping yielding a diol 
(eq 8). The diol produced by intermolecular trapping would 
be expected to be rapidly oxidized to the corresponding hy- 
droxy ketone and oxidative cleavage products;2c both pro- 
cesses have been observed in this study. However, an alter- 
nate pathway to hydroxy ketone and oxidative cleavage 
products involving oxidation at  the benzylic position (eq 
lo), similar to that observed in toluene oxidations,12 cannot 

0 
II Ce( / IV ) C,H,CR 

C e b  C,H,CHO + cleavage products 

C,H,CHR (10) 
I 

OH 

be excluded. 2-Phenyltetrahydrofuran may also be consid- 
ered to be a source of hydroxy ketbrie and oxidative cleav- 
age products either through direct oxidation of the furan or 
through hydrolysis followed by oxidation. However, since 
the yield of 2 remained constant when the ratio of CAN to 
alcohol was varied from 4.0 to  8.0, this pathway does not 



1456 J. Org. Chem., Vol. 40, No. 10, 1975 Doyle, Zuidema, and Bade 

appear to be dominant. With a ratio of 16 for [CAN]/ 
[ROH] the low recovered yield of 2 suggests that this com- 
pound is subject to further oxidation. 

In the oxidation of 3-phenyl-1-propanol by CAN, 1,5- 
hydrogen transfer is not possible. However, intramolecular 
alkoxy radical addition to the aromatic nucleus (eq 11) 

H 
does occur. Unlike the corresponding oxidation by lead te- 
traacetate? chroman is not detected; only chromanone is 
observed. To determine if chromanone is produced directly 
from chroman in a rapid oxidation reaction a t  the benzylic 
position, chroman ( 5 ) ,  prepared and isolated from the lead 
tetraacetate oxidation of 3-phenyl-l-propano19J3 was oxi- 
dized in the presence of a 2 molar excess of 3-phenyl-1-pro- 
panol with CAN. A 4 molar equiv excess of CAN to the 
combined alcohol-chroman was used, and reaction condi- 
tions duplicated those of Table 11. Under these conditions, 
which closely relate to those under which 3-phenyl-1-pro- 
panol was oxidized by CAN to chromanone, complete con- 
version of chroman to chromanone and chromone (76 and 
16%, respectively, based on chroman) was observed (eq 12). 

0 0 

5 3 4 

The reactant alcohol was recovered in 85% yield after oxi- 
dation was complete. From these qualitative results chro- 
man is estimated to be at  least ten times more reactive 
than 3-phenyl-1-propanol toward oxidation by CAN. 

The oxidation of chromanone (3) to chromone (4) repre- 
sents an oxidation process not previously reported for reac- 
tions with CAN5a but known for two-electron 0 ~ i d a n t s . l ~  
The stability of the heteroaromatic ring system of 4 is cer- 
tainly a major factor in this transformation. Dehydrogena- 
tion reactions in other systems yielding stable heteroaro- 
matic compounds may also be feasible using ceric ammo- 
nium nitrate oxidation. 

Experimental Section 
General. Instrumentation has been previously described.15 For 

GLC analyses use was made of 5-ft columns of 20% Carbowax 20M 
on Chromosorb P. 5-Phenyl-1-pentanol and 4-phenyl-1-butanol 
were prepared by lithium aluminum hydride reductions of the cor- 
responding carboxylic acids; 3-phenyl-1-propanol was commercial- 
ly available. 4-Phenyl-1-butyl nitrite was produced from the reac- 
tion between the corresponding alcohol and nitrosyl chloride:I6 bp 
50-52O (0.3 Torr); 'H NMR (CC14) 6 7.1-7.4 (m, 5 H), 4.68 (distort- 
ed t, 2 H),  2.66 (distorted t, 2 H), and 1.9-1.5 (m, 4 H) ;  ir (film) 
1652 and 1612 cm-' (-ONO). G. F. Smith analyzed reagent-grade 
ceric ammonium nitrate and reagent-grade ceric ammonium sul- 
fate were used. 

Genera l  Oxidation Procedure.  To  a stirred solution of the al- 
cohol (2.5 mmol) in 20 ml of 70% aqueous acetonitrile, contained in 
a round-bottom flask equipped with a reflux condenser, was added 
a weighed amount of ceric ammonium nitrate. An additional 5 ml 
of 70% aqueous acetonitrile was used to wash the cerium salt into 
the flask. The dark-red homogeneous solution was heated on a 
steam bath until a color change to colorless could no longer be ob- 
served. The resulting solution was cooled and 10 ml of water was 
added followed by 10 ml of ether. After thorough mixing the ether 
layer was separated from the aqueous layer, and the aqueous layer 
was washed twice with 15-ml portions of ether. The combined 
ether solution was washed with 25 ml of a saturated sodium bicar- 
bonate solution and with 25 ml of water. The ether solution was 
dried over anhydrous magnesium sulfate, and the ether was re- 
moved under reduced pressure. 

Oxidation of 5-Phenyl-1-pentanol. P roduc t  Analyses. GLC 
analysis of the nonacidic products from the CAN oxidation of 5- 
phenyl-1-pentanol showed three coinpounds in addition to the 
starting alcohol. The major product was collected and identified as 
2-benzyltetrahydrofuran by ir and IH NMR spectral analysis 
through comparison with an authentic sample. Benzaldehyde and 
5-phenyl-1-pentyl nitrate were identified from the IH NMR spec- 
trum of the reaction mixture. Benzoic acid was isolated after acidi- 
fication of the bicarbonate wash solution. 

Oxidation of 4-Phenyl-I-butanol. Product  Analyses. Prod- 
ucts from the CAN oxidation of 4-phenyl-1-butanol were sepa- 
rated by GLC methods or in the extraction procedure and identi- 
fied by spectral analysis of the individual compounds through 
comparison with authentic samples. Absolute yields of 2-phenylte- 
trahydrofuran, 4-phenyl-1-butyl nitrate, and 4-phenyl-1-butanol 
were determined by GLC analysis using an internal standard, 2- 
phenylethanol. The areas of the product peaks were compared 
with the area of the standard peak, and the absolute yields of 
products were determined with the use of experimentally mea- 
sured thermal conductivity ratios (0.96 for 4-phenyl-l-butanol and 
1.31 for 2-phenyltetrahydrofuran). 4-Phenyl-1-butyl nitrate was 
assumed to  have the same thermal conductivity ratio as 4-phenyl- 
1-butanol. 

Oxidation of 3-Phenyl-1-propanol. Product  Analyses. Only 
one major reaction product (>3% yield) was observed by GLC 
analysis and 'H NMR spectroscopy of the reaction mixture from 
the oxidation of 3-phenyl-1-propanol with 2 equiv of CAN. This 
product was collected and identified as 4-chromanone by IH NMR 
and ir spectroscopy. When greater than 2 equiv of CAN was used a 
second product, chromone, was similarly isolated and identified. 
Product yields were determined by 'H NMR analyses of the reac- 
tion mixtures. Chromanone (3): 'H NMR (CC14) 6 8.0-7.8 (m, 1 H) ,  
7.65-6.85 (m, 3 H), 4.55 (t, 2 H, J = 6.5 Hz), and 2.73 (t,  2 H, J = 
6.5 Hz); ir (film), 1685 cm-' (C=O). Chromone (4): 'H NMR 
(CC14) 6 8.35-8.10 (m, 1 H),  7.75-7.10 (m, 3 H), 7.83 (d, 1 H, J = 6 
Hz), and 6.27 (d, 1 H, J = 6 Hz); ir (CC14) 1665 cm-I (C=O). 
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