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Abstract-The debated mechanism of the oxidation of alcohols by pcroxydisulphate was investigated by trapping the 
nuclcophilic carbon-centered free-radical intermediates by protonated quinoline. The oxidation of t-butanol, 
I-hexanol, 2,3dimethyl-2-butanol and ethylene glycol in the presence of silver salt takes place via alkoxy radical 
intermediates arising from the interaction R-OH + As” + R-O’ + Ag’ t H’; it gives rise to new interesting selective 
synthetic processes. In the absence of silver salt the hydrogen abstraction from C-H bonds is the main reaction. 

The widespread assumption of hydrogen abstraction by 
SO,“, as the primary step in oxidation of alcohols by 
~roxydisulphate ion’ (eqn I), has been recently reconsi- 
dered 

SO,“+ CH,OH+HSO,- +.CHzOH. (1) 

On the ground of spin trapping experiments, an 
alternative mechanism, involving an electron-transfer 
oxidation (Scheme I), has been suggested.’ 

SO, -rzso. 

SO, ’ + CH,OH + SO.’ + CH,--@H 

CH,“-H +CH,--O. + H’ 

CH,O- + CH,OH +CH,OH + CH,OH 

Scheme I. 

The results obtained in the oxidation of 2-phenyl- 
ethanol and related compounds (Scheme 2) supports this 
mechanism.’ 

Ph--CH,---CH~-OH + SO:. -, 

P~--CH,-CHY---O_H + SO.’ 

Ph-CH,--CH,--(rH + Ph-CH~--CH,-O + H‘ 

Ph--CH,--CH~-O + Ph-CH,. + CH, = 0 

2W+CH,. +Ph-CH,-CH,--Ph 

Scheme 2. 

It was also suggested that with primary and secondary 
alcohols the initially-formed alkoxy radical rapidly 
interconverts to its the~~yna~~~ly more stable 
isomer R&-OH, thus explaining the difficulty in establish- 
ing aikoxy radicals as inter~~ates in alcohol oxidation 
processes.‘ 

The recognition that the peroxydisulphate ion oxidises 
alcohols by an electron-transfer route promises consider- 
able application of this reagent; however it has been 

observed that the spin-trapping evidence is not unambigu- 
ous’ and a different mechanism’ has also been suggested 
for the reaction of Scheme 2. In order to elucidate these 
aspects and, at the same time, to look for new synthetic 

routes we have investigated the problem from a different 
approach. 

Our previous studies con~eming homolytic aromatic 
substi~tion’ have led to three interesting developments, 
due to the great reactivity of nu~leophilic carboncentered 
free-radicals towards protonated heteroaromatic bases: 

(i) A variety of new types of homolytic substitutions, 
the synthetic interest of which is related to the high 
positional and substrate selectivity.’ 

(ii) The most sensitive models for investigating the 
relative nucleophilicities of carbon free-radicals.” 

(iii) Diagnostic criteria for revealing free-radicals pres- 
ent in a reaction, based on the high trapping effectiveness 
of protonated hetero~omati~ bases.9 

These criteria are very effective because for several 
carbon free-radicals (R’) and protonated hetero-aromatic 
bases (ArH2-) the rates of addition (eqn 2) are very high”’ 
& 2 IO’ Me’ XC“), almost as in the “spin trapping” 
technique 

R’ + ArH*’ A R-ArHI: *R--AI. (2) 

Moreover these criteria have the advantage, compared 
with the “spin trapping” technique, to allow the simple 
isolation, identi~~tion and quantitative evaluation of the 
products of attack (R-Ar). 

Thus we” have already shown that the oxidation of 
methanol by peroxydisulphate leads to the selective 
hydroxymethylation of the 2-methylquinoline (only the 
isomer 4 is formed) in high yields (86%). This result, 
however. cannot establish if the TH,OH radical arises 

according to eqn (1) or Scheme I because the alkoxy 
radicals do not react with protonated heteroaromatic 
bases. 

We have now investigated the peroxy~sulphate oxida- 
tion of four different alcohols, t-butanol, I-hexanol, 2,3 - 
dimethyl - 2 - butanol and ethylene~ycol; in all these 
cases the intermediate formation of alkoxy radicals 
should be unambiguous. 

RLSULTS 

I-Butonol. The oxidation has been carried out with four 
different oxidizing agents in the presence of protonated 
quinoline. 
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(i) Peroxydisulphofe and silver salt. The main products 
of the reaction are 2-methylquinoline (I) and 4- 
methylquinoline (2). 2,4-Dimethylquinotine (3) and the 
alcohols 4 and 5 are formed in small amount 

CH, 

b CH,- -OH 

4 5 

(ii) Peroxydisulphote without silver self. No trace of 
methylquioolines is formed (the GLC conditions can 
clearly reveal the presence of 0.1% of methylquinolines). 
Only the alcohols 4 and 5 are formed in low yields. 

(iii) Peroxydisulphare and ferrous sulphafe. No 
methylquinoline is formed, but only the alcohols 4 and 5 in 
low yields. 

(iv) Hydrogen peroxide and ferrous sulphofe. Also in 
this case only the alcohols 4 and 5 are formed. The yields 
are always low because the inductive effect of the 0 atom 
reduces the nucleophilic character of the /3-hydroxyalkyl 
radical (CHrC(CH,)rOH). 

25 - Dimefhyl - 2 - bufanol. The oxidation with 
peroxydisulphate and silver salt in the presence of 
protonated quinoline gives 2-isopropylquinoline (6), 4- 
isopropylquinoline (7) and 2,4diisopropylquinoline (8). 
Only traces of 2-methyl(l) and Cmethylquinoline (2) are 
formed. The reaction is therefore interesting from a 
synthetic point of view because alcohols of the general 
structure R-C(CH&OH are easily available from 
acetone and RMgX, the experimental conditions are very 
simple and the yields based on quinoline are very high. 

In the absence of silver salt under the same experimen- 
tal conditions no trace of methyl- or isopropyl-quinolines 
are formed. 

Efkyleneglycol. The oxidation with peroxydisulphate in 
the presence of protonated quinoline leads to the glycols 9 
and 10, with no formation of the hydroxymethyl 
derivatives 11 and 12 

CHOH-CHzOH 

ayo:H cgl 

&CH... &OH 

11 12 

In the presence of silver salt 11 and 12 are the main 
products of the reaction. 

I-Ifexanol. With peroxydisulphate and silver salt the 
isomers 13 and 14 are the only products of the reaction of 
quinoline 

The reaction is quite clean and the yields are good; the 
process appears to be of considerable synthetic interest 
for Shydroxyalkylation of protonated heteroaromatic 
bases and in general for the selective intramolecular 
attack of alcohols with a C-H bond in &position (for 
example tetrahydrofurane derivatives can be easily 
obtained).‘0 

In the absence of silver salt the reaction is unselective; 
at least six isomers of 13 and 14 in comparable amounts 
are revealed in GLC indicating a rather random hydrogen 
abstraction from I-hexanol. 

DISCUSSH)N 

The results clearly indicate that alkoxy radicals are 
formed in all cases in the oxidation of the alcohols with 
peroxydisulphate and silver salt and the new reaction may 
have interesting synthetic features. 

We explain these results on the ground of the basic 
interaction of eqn (3) 

R-O-H t A$+ + R-O' + H’ t Ag’ (3) 

Ag” is formed according to the redox process of eqn (4). 
so that a catalytic amount of silver salt is effective 

&OS’- + Ag+ + SO,‘- + SO,-’ + Ag*+ 

SO;‘+Ag’+SO:-+Ad+. (4) 

Thus with t-BuOH the homolytic methylation of quinoline 
results from the j3 -scission of the t-butoxy radical (eqn 5) 

(CH,),C-O+CH,XO-CH, + CH,. (5) 

The compounds 4 and 5 obtained with &OS’- alone and 
with the redox systems S20d~/Fe” and H202/Fe2+ arise 
by hydrogen abstraction from t-BuOH (eqn 6). The 
abstracting species (R-0.) with Hz02 is *OH, while with 
&Or’- can be either SO;. or aOH formed according to the 
well known eqn (7). 

CH, CH, 
I 

RO’+CH,-C-OH+ROH t C&-C-OH (6) 

L H f! H , , 

SO,-’ + Hz0 + HSO: + *OH. (T) 

With 2.3 - dimethyl - 2 - butanol and &Oi-/Ag’ the 
@cission mainly occurs with formation of the isopropyl 
radical (Scheme 3), but small amounts of Me radical are 
also formed 

CH,COCH,+CH,xH-CH, 
CH, 

CH,' 
AH, k CH,jH-CO-CH +.CH, 

dH, 
Scheme 3. 

CJ-I, 

0 /I 
N 

13 14 
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Since the value of the ratio kl/kz is in the range” of 
2ooO_3!iOO, the formation of detectable amounts of 2- and 
Cmethylquinolines once again emphasizes the high 
trapping effectiveness of protonated heteroaromatic bases 
towards aucleophilic alkyl radicals. 

None of the products expected from Scheme 3 was 
observed in the absence of silver salt. The formation of 
the hydroxymethylq~o~ines 11 and 12 in the oxidation of 
e~ylcne~ycol with !&O*‘-fAg’ also agrees with the 
intermediate formation of an alkoxy radical (eqn 8) 

CHZOH-CH~O’ + CH20H + CHZ = 0. (8) 

In contrast a hydrogen abstraction (eqn 9) occurs in the 
absence of silver salt and gives the glycols 9 and 10; also 
in this case the abstracting species (RO’) can be SO,-’ or 
*OH 

R--O’ + CH~OH-CHIOH -B R-OH + CHOH-CHzOH. 
(9) 

The behaviour of I-hexanoi and the selective formation of 
the compounds 13 and 14 can be explained only by an 
intramolecular hydrogen abstraction (eqn 10) by the 
corresponding alkoxy radical 

(10) 

CH2 
HO’ 

The random hydrogen abstraction (also the attack in the 
positions 1,3 and 5 of I-hexanol is revealed by NMR and 
mass spectra) indicates an intermolecular process in the 
absence of silver salt, as in the previous cases. 

No evidence was therefore obtained as regards an 
electron-transfer o~dation of alcohols by peroxydisul- 
phate; it appears that this process either does not occur or 
it is quite a minor aspect of the reaction. 

How can these results be reconciled with the evidence 
of Ledwith et al.‘” supporting the mechanism of Schemes 
I and2? 

We think that the chemical evidence shown in the 
mechanism of the Scheme 2 is not conclusive. NormanP 
on the ground of analogous results obtained in the 

+ SO,’ 

CH,-CH,OH 

oxidation of phenylacetic acid, has already suggested a 
different mechanism involving the addition of the radical 
SO,-’ to the aromatic ring, according to the Scheme 4. 

We, however, on the ground of the results obtained in 
the oxidation of y-phenylbutyric acid by peroxy- 
disulphate,” suggest a different mechanism (Scheme 5). 

This mechanism, in our opinion, is more reasonable 
than that of Scheme 2 because the ionization potentials of 
the alkyl benzenes are somewhat lower than those of the 
alcohols. In an analogous way the oxidation of phenylace- 
tic acid could be explained (eqn I I) 

t so:. - SO,‘- 

CHy-COOH 

+fi - 0 Ph-CH,. + CO, + H’ 

Spin-trapping expefiments 
Since the main evidence concerning the mechanism of 

Scheme 1 comes from spin-trapping experiments,’ we 
have also used the spin-trapping technique for investigat- 
ing the oxidation of methanol, ethyleneglycol and 
t-butanol by peroxydisulphate in the presence or absence 
of silver salt. The benzylidene nitrone 15 has been used as 
scavenger 

PM=H=N-Bu-t + Rb-Ph-tT H-N -Bu-t 

t!I CL 

IS 16 

The results with methanol are given in the Table 1. 
Oxidation of methanol in the presence of 15 was studied 
in greater detail. Eight different conditions were investi- 
gated in the presence and absence of silver salt, at low and 
high ~ncen~ation of n&one and with two different ratios 
of methanol: water (9: 1 and 1:2). These conditions 
reproduce the range of conditions used by Ledwith et al.;’ 
we however were not able to reproduce their results. We 
observed only small differences between the splitting 
constants determined in the two different solvents, which, 
in our opinion, can be ascribed to the solvent effect on the 
splitting constant of &oxide radicals.” In each solvent 

- Ph-CH,. + CH,O + HSO: 

Scheme 4. 

CHFCHZOH 

- Ph-CH,. + CH,O + H’ 

Scheme 5. 
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Table 1. Splitting constants of nitroxide (16) obtained in the 

oxidation of methanol by K&O. at 60°C 

Ratio 

methanol [Nitrone] [K,SIOr] 

water (M) (M) IAg’l a,,(G) aH (G) 

9:l 0.01 0.01 - 14.84 3.16 
9:l 0.01 0.01 Ag’ 14.80 3.13 
9:1 0.3 0.01 - 14.80 3.12 
9:1 0.3 0.01 Ag’ 14.78 3.05 
I:2 0.01 0.01 - 15.25 3.43 
I:2 0.01 0.01 Ag’ 15.10 3.25 
I:2 0.3 0.01 - 15.17 3.38 
I:2 0.3 0.01 Ag- 15.12 3.30 

no significant difference of the splitting constants has 

been determined under the different conditions used. 

Moreover our values of the splitting constants are 
intermediate between those reported by Ledwith et al.’ 

for 16 when R is CH,O (aN = 14.35-14.5OG; ati = 2.86 
2.986) and CH20H (aN = lS.31-15.4lG; ah = 3.73-3.766). 

We think that all the splitting constants reported in the 

Table correspond lo the nitroxide 16, in which R is 

CH,OH. This radical, originated under the same condi- 

tions, is in fact very effectively trapped by protonated 

heteroaromatic bases.” Moreover we believe that there is 

some analogy between nitrones and protonated hetero- 
aromatic bases: both compounds are characterized by the 

+/ 
strongly electron-deficient -CH=N 

\ 
group, so that polar 

effects should play an important role in both cases. The 
protonated bases are in fact extremely sensitive lo the 

polar nature of the attacking radical; no attack takes place 

with the electrophilic alkoxy radicals, whereas, very high 
rate constants (k = lo”-lO’M_’ sec.‘) characterize the 

addition of nucleophilic alkyl radicals lo protonated 
heteroaromatic bases.” We should expect analogous 

effects for the radical addition to the nitrone; that is, 
CH>OH should be much more reactive than CH,O. 

towards the nitrone 15. Thus the value of k > 
6 x 10’ I&’ sec.’ evaluated’ for the addition of CH,-0. to 

the nitrone 15 seems to us excessively high. 

The oxidation of r-butanol by K2SIOII at 60” in the 

presence of 15 results in a complex ESR behaviour 
because more radicals, which change with time, are 
formed. However, in agreement with the chemical 

behaviour, the spectral characteristics are different 

depending on the presence or not of Ag’. The splitting 
constant of the main triplet of doublets in the absence of 
Ag* is aN = 14.4OC at both high (0.3 mol/l) and low 

(lO~‘mol/l) concentration of nitrone. In the presence of 

Ag’ the splitting constant is aN = 15.3CE at high and low 
nitrone concentration; moreover the spectrum initially 

obtained at low nitrone concentration (IO-’ mol/l) changes 
on warming giving a triplet with aN = 8.17G. That means 
that the nitroxide of the type 16 initially formed further 
reacts losing the /3 H atom. 

The oxidation of ethyleneglycol by K&Os at 60” in the 
presence of 15 initially gives under all the conditions 

(presence or not of Ag’ at high and low nitrone 
concentration) an identical spectrum (aN = 34.84-14.906; 
a Bn = 3.00-3.07G) not differring substantially from that 
obtained from methanol. The spectrum, obtained at low 
nitrone concentration (10.’ mol/l) however changes by 
warming giving a different triplet of doublets (aN = 15.886 
and aeN = 3.38). 

In conclusion the spin-trapping technique by the nitrone 
15 leaves doubts regarding the radicals formed in the 
oxidation of the alcohols with K2SZOB, even if in some 
cases the difference, due lo the presence of Ag’, clearly 

appears, in agreement with the chemical evidence. This is 
not surprising because the information regarding the 

nature of the radical trapped is difficult to obtain from the 

spectrum of the spin adduct. The spectrum always 
consists of a triplet of doublets due to the nitrogen and 

/3-H coupling of the spin adduct. Although the magnitudes 
of both coupling constants depend on the bulk and 

electronegativity of the radical added, the differences in N 
and 0-H couplings between various spin adducts are small 

and serious overlap occurs when more than one spin 

adduct is present in solution. 

EXPERMEMAL 

GLC were performed on a “Hewlett Packard” 5750 G 

instrument using a 6fl, i” steel column, packed with 10% U.C.C.- 

W-982 on chromosorbw a.~. DMCS, 80-100 mesh. 

Oxidafion of 1 -butanol in the presence of prolonated quinoline 

(A) By Na,S?O, and Ag+. To a soln of quinoline (10.3 g), cone 

H,SO. (2.2 ml), AgNO, (1.35g) in 90 ml 1-BuOH and 30 ml water, 

heated to 80”. a soln of N&&O, (9.5 g) in 20 ml water was added 

under stirring (ca 10 min). The mixture was kept at 80” for 1 hr. 

made alkaline and extracted with CHCI,. 12.7 g of basic product 

were obtained. GLC analysis revealed, in addition lo unreacted 

quinoline. 2 main reaction products: 2methylquinoline (42%) and 

Cmethylquinoline (58%). Traces of 2.4dimethylquinoline and of 

the compounds 4 and 5 were also obtained. All the products were 

identified by comparison with authentic samples (GLC. NMR, 

MS). Conversion 20%; yield based on converted quinoline 95%. 

(B) By Na,S,OI without Ag’. The reaction was carried out as 

in (A). No trace of methylquinolines was revealed by GLC. The 

two main products were 4 (63%) and 5 (27%). The compounds 

were identified by MS: significant peaks at m/e: I82 (M’-H,O), 

167, 143, 129, 102. Conversion 3%. 

(C) By Na&O, and Fe”. The reaction was carried out as in 

(B) in the presence of FeSO. (0.3 g). No substantial change in the 

nature of the products and conversion compared with (B) was 

observed. 

(D) By H,O, and Fe’-. H,O, (3.5 ml; 36%) and FeSO, (4.5 g) in 

I8 ml water were simultaneously added under stirring and cooling 

(>lo”) to a soln of quinoline (2.6g) and 1.2 ml cone H,SO, in 30 ml 

1.BuOH and IOml waler. The mixture was made alkaline and 

extracted with CHCI,. The compounds 4 (71%) and 5 (29%) were 

obtained with 12% conversion. No trace of methylquinolines was 

observed by GLC. 

Oxidation of 2,3 - dimethyl - 2 - butanol in presence ofprolonated 

quinoline 

(A) By Na,S.Xh and Ag’. A soln of Na,SIO, (2.4g) in 5 ml 

water was added under stirring (co 10 min) to a soln of quinoline 

(1.3 g). cone H,SO. (0.6 ml), AgNO, (0.3 g) in I5 ml 23 - dimethyl - 
2 - butanol, 4 ml acetonitrile and 5 ml water. heated lo 80”. The 

mixture was kept for I hr at &I-90’. made alkaline and extracted 
with ether. GLC revealed, in addition lo unreacted quinoline, 5 

compounds: 2-Merhylquinoline (1.72%). Cmethylquinoline 

(2.3%), 2-isopropylquindine (43.6%), Cisopropylquinoline 
(48.6%) and 2.4diisopropylquinoline (4.3%). All the compounds 
were identified by comparison with authentic samples. Conversion 

38%. yield on converted quinoline %%. 
(B) By Na*S,Os withouf Ag’. The reaction was carried out as 

in (A). No trace of isopropyl or merhylquinolines was revealed by 
GLC. Most of quinoline (>97%) was unchanged. 

Oxidation of ethyleneglykol in presence of protonated quinoline 

(A) By Na,S,O. and Ag’. A soln of Na&O, (1.2g) in 5 ml 
water was added under stirring in ISmin lo a soln of qtinoline 

(2.6g), cone HISO, (1.2 ml), AgNO, (0.34g) in 3Oml ethyleneg- 
lycol and 10 ml water. heated to 80”. The mixture was stirred for 
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additional 3 hr at 85-90”, made alkaline and extracted with ether. 
GLC revealed, in addition to unreacted quinoline, 2- 
hydroxymethyl-11 (36.2’%), Chydroxymethyl 12 (32.9%). and 
30.% of an unidentified product. I1 and 12 were identified by 
comparison with authentic samples (GLC, NMR. MS). Conver- 
sion of quinoline 11%. 

(B) By Na&O. without Ag’. The reaction was carried out as 
in (A). No trace of 11 and 12 was revealed by GLC. The glycols 9 
and 10 were the main products. They were identified by MS (m/e: 
189 (M’), t58. 143 and 129) and NMR 2.1-2.213 (m2H), 3.M.36 
(m 2H) 5.5-5.76 (m IH) and 7.5-8.88 (m6H); conversion on 
quinoline 6%. 

Oxidation of I-hexanol in presence of protonated quinoline 
(A) By N&!&O. and Age. A soln of Na&Oa (9.6g) in 2Oml 

water was added under stirring to a soln, heated IO 65”. of 
quinoline (52g). cone HISO. (2.4ml). AgNO, (1.2~) in 5Oml 
I-hexanol, 15 ml water and I5 ml acetonitrile. The mixture was 
heated for 4 hr to 65-75”. made alkaline and extracted with ether. 
GLC revealed the presence of unreacted quinoline and the isomer 
13 (4x6&) and I4 (52?)). The latter were separated hy SiO, 
c~omat~aphy (hexane-EtOAc) and analysed by NMR and MS. 
G-MS m/e: 229(M). 228,200.199,171,170, 156,155,142,12?, 
110. NMR: 0.6-0.9S (t 3H). l.l-I.96 (m6H), 2.6-3.16 (q IH), 
3.s3.76 (t 2H), 4.46 (s IH). 7.0-8.26 (m6H). l&--MS m/e: 229 
(hi’), 213, 199, 183, 181, 171, 167, 154, 141, 129, 114. NMR: 
0.5-0.98 (I 3H). 1.2-2.06 (m6H). 3.2-3.86 (m3H) 4.66 (s IH). 
7.2-8.98 (m 6H). Conversion of quinoline 34%. Yield on converted 
quinoline 94%. 

(B) By Na&Oa richour Ag’. The reaction was carried out as 
in (A). Conversion of quinoline was 12%. A mixture of at least 6 
hydroxyhexyl isomer derivatives of quinoline in com~rable 
amounts were revealed by GLC (all show the molecular ion of 229 
in MS). No attempt was made to isolate the single isomers. 

Spit-trapping experiments. A Varian E-4 spectrometer was 
employed. In all experiments four spectra of the resulting 
nitroxide adduct were measured and averaged to give the nitrogen 
and hydrogen coupling constants reported; standard deviation are 

0.04g. Some experiments were carried out in situ by using a 
variable temperature unit for heating the sample. 
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