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Oxidation of alcohols by dimethyldioxirane 
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The kinetics of oxidation of a series of monoatomic alcohols (methanol, 2-pro0anol, 
2-butanol, 2-methyl-l-propanol, 2-chloroethanol, 1,3-dichloro-2-propanol, benzyl alcohol), 
hydroxyacetic acid. and t,3-butandiol (ROH) by dimethyldioxirane (1) was studied. The 
reaction kinetics obeys the second order equation w = k[ROH][I]. The rate constants were 
measured in the range of 7--50 ~C. and the activation parameters were found. To describe the 
reaction rate constants as a function of the ROH structure, the two-parametric Taft equation 
was used, which takes into account both the polar and resonance substituent effects. Alcohol 
oxidation produces the corresponding carbonyl compounds, via., ketones from secondary 
alcohols and aldehydes from primary alcohols, in yields of at least 80%. The results were 
explained by the competition of the molecular (oxenoid) and radical mechanisms. The 
introduction of electron-withdrawing substituents into the alcohol molecule increases the 
contribution of the radical channel of the reaction. 
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In recent years, dioxiranes have been widely used for 
the oxidative functionalization of  organic compounds.  
They possess some advantages as compared to conven-  
tional oxidants: mild condi t ions  and high rates of  reac- 
tions; chemo- ,  stereo-, and regioseleetivity; simple proce- 
dures o f  oxidation and separation of  the reaction pro- 
ducts. The reactions between alcohols and dioxiranes have 
been studied previously, t - 6  The reaction between second- 
ary alcohols (viz., propane-2-ol ,  octane-3-ol ,  cyclobutanol, 
cyclohexanol,  norborneol,  and ct-methylbenzyl alcohol) 
and methyl(tr if luoromethyl)dioxirane affords the corre- 
spond ing  ketones.  The  ox ida t ion  o f  b u t a n - l - o l  by 
methyl(tr if luoromethyl)dioxiranes produces butyric acid, 
whereas a tertiary alcohol,  2-methylpropan-2-ol ,  does not 
react with dioxiranes. 1 The  ace tophenone  derivatives are 
the main products of  the reaction o f  dimethyldioxirane 
with p-substituted ct-methylbenzyl alcohols. 2 Linear and 
cyclic 1,2- and 1,3-diols are oxidized by dimethyldioxirane 
and methyl(trifluoromethyl)dioxirane to c~- and 13-hydroxy- 
ketones. 3-6  

The kinetics of  the oxidat ion  o f  cyclohexanol  by 
methyl( t r i f luoromethyl)d ioxi rane  1 and that o f  p-substi-  
tuted ct-methylbenzyl a lcohols  by dimethyldioxiranes  2 
have been studied. However ,  the activation parameters 
have been measured in only a narrow (20 ~ tempera-  
ture range. 

This  work is a imed  at the  study of  the  pro-  
ducts, kinetics, and mechan i sm of the interact ion be- 
tween d ime thy ld iox i rane  and al iphat ie  m o n o a t o m i c  
alcohols:  methanol  (2), p ropan-2-o l  (3), bu tan-2-o l  
(4), 2 - m e t h y l p r o p a n - l - o l  (5), 2 -ch loroe thanol  (6), and 
1 ,3-dichloropropan-2-ol  (7), as well as the related com-  
pounds: hydroxyacetic acid (8), benzyl a lcohol  (9), and 

butane-l . ,3-diol  (10) ( R O H )  in an acetone solution at 
7 .0--50.0 ~ 

Experimental 

Acetone of high purity grade was purified by distillation. 
Dimethyldioxirane (1} was synthesized by a known procedureT; 
water was removed from an acetone solution of dioxirane by 
freezing. Notably, drying the solution of 1 with magnesium 
sulfate is preferred, as was proposed, s accelerates the thermal 
decomposition of dioxirane. 

Dimethyldioxirane was identified and analyzed as has been 
reported previously. 7 

Alcohols 2--7 were distilled after preliminary drying. 
Hydroxyacetic acid was recrystallized from water; benzyl alco- 
hol and butane-l,3-diol were purified according to known 
procedures. 9 

The reaction kinetics were studied by dioxirane consump- 
tion. A change in the concentration of 1 during the reaction was 
monitored spectrophotometncally at Lma x = 335 nm (z = 
10 L tool -I cm -t)  on a Specord M-40 instrument. A solution of 
ROH in acetone was placed in a quartz cuvette, which was 
maintained at 7--50 ~ in a cuvette chamber of the spectropho- 
tometer. A specified amount of the 1 solution in acetone was 
added. The cuvette was purged, when it was necessary, by 
oxygen ( 1.5 rain) or argon, and variation in the absorbance of 1 
was monitored. The starting concentrations of 1 and 2--10 were 
varied in the ranges of (0.7--4.4)" 10--' tool L -I and (3.9-- 
30). 10 - t  tool L - l ,  respectively. Acetone or the MezCO--CCIa 
and Me2CO--MeCN mixtures were used as the solvents. 

The oxidation products were analyzed by JH and t3C NMR 
spectroscopies on a Bruker AM-300 instrument (300 and 
75 MHz, respectively): Me4Si was used as the standard and 
acetone-d6 and tetrachloromethane as the solvents. To estimate 
quantitatively the yields of the products, benzene or tea-butanol 
were used as the internal standards. Additionally, the reaction 
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products were analyzed by GLC on a Chrom-5 instrument 
(3.5 rex3 mm column; immobile phase SE-30). 

Results and Discussion 

Reaction products. When 1 reacts with the secondary 
alcohols 3, 4, 7, and 10. the corresponding ketones form 
in high yields. The  primary alcohols 2, 5, 6, and 8 are 
oxidized to aldehydes (Table I). The yields o f  the reac- 
tion products based on consumed I (A[RIR2CO]/A[I ] )  
are high (80--99%).  

Scheme 1 

,- R. '~==O 
R 2 OH * 

2--10 

R 1 R 2 R I R 2 5 

2 H H 7 C H 2 C {  CH2CI 
3 Me Me 8 H C(O)OH 
4 Me Et 9 H Ph 6c 
5 H PP 10 Me C2H4OH 
6 H CH2CI 

The effect o f  O 2 on the composi t ion  and yield o f  the 
reaction products  was found for compounds  6 - -8  (see 7r 
Table 1). In the absence o f  oxygen,  the convers ion o f  the 
substrates is low. The convers ion o f  ROH and, hence,  8 c 
the yields o f  the oxidat ion products increase in the 
presence o f  O 2 as compared  to those in deaerated solu- 
tions, and acids also form in this case. A low conversion 
of  ROH in an inert a tmosphere  is due to the radical-  9 
chain decompos i t ion  of  dioxirane. As is well known, I~ 
solutions o f  dioxirane are more stable in the presence o f  
07 than in an inert a tmosphere .  I0 

Table 1. The products of oxidation of alcohols 2--10 by 
dimethyldioxirane (25 ~ acetone is the solvent) 

Alcohol Product Yield (%)a 

2 Paraform 90 
3 Acetone 95 
4 Butan-2-one 96 
5 2- Methylpropanal 95 
6 b 2-Chloroethanal 90 

Cloroacetic acid 7 
6" 2-Chloroethanal 5 

Chloroacetic acid 
7 ~ 1,3- Dichloropropanone 80 
7 c 1,3- Dichloropropano ne 10 
8 b Glyoxalic acid 79 

Oxalic acid 10 
8 c Glyoxalic acid 6 
9 Benzaldehyde 99 
10 I - Hydroxy-3-butanone 92 

a The yield of the products based on dioxirane consumed. 
J' In 0 2 atmosphere. 
r Purging with argon. 

Table 2. Temperature dependence of the rate constant k and the 
activation parameters of the reactions of alcohols 2--10 with 
dimethyldioxirane (acetone is the solvent) 

Alcohol T k" 104 a E, AH~97. AG;q 7 .  log ,4  AS2'97 /~ 

/~ kcal mol -I 

24.5 2.4 
32.0 3.5 16.1 15.5 22.4 8.2 -23.0 
39.5 9.3 

12.0 49.0 
19.4 116.3 
25.0 1 8 5 . 4  17.0 16.6 19.8 10.9 -10.8 
30 224.8 

34.5 406.3 
39.7 819.2 

7.0 67.6 
14.7 1 0 7 . 0  9.32 8.7 19.8 5. I -37.2 
24.5 159.0 
32.0 283.7 

7.0 20.5 
14.1 34.5 11.7 11.1 20.3 6.5 -31.0 
24.5 31.8 

24.5 1.0 
31.0 1.9 17.6 17.0 22.9 9.0 -19.6 
40.0 3.3 
49.5 1.1 

25.2 0.49 10.3 9.7 23.0 3.2 -44.9 
32.0 0.68 

24.5 1.3 
32.0 0.9 18.0 17.4 23.1 9.1 -18.9 
40.0 1.6 
50.0 1.4 

19.4 33.1 
24.5 33.4 5.8 5.2 20.7 1.9 -52.0 
30.0 47.0 

27.0 177_+4 . . . . .  

a L tool -~ s -I.  
bCal tool -~ K-L 
CThe kinetic data were obtained from the initial segments of 
the kinetic curves (see Fig. 3). 

The oxidation of  10 is very regioselective: l -hy-  
droxybutan-3-one forms with a high yield (see Table 1). 
This fact is in line with the kinetic data, which show that 
secondary, alcohols are oxidized faster than primary 
alcohols (Table 2). 

The reaction kinetics. The reaction kinetics were 
studied at [1]0 << [ROH]0, where [1] 0 and [ROH]0 are 
the starting concentrat ions of  dimethyldioxirane and a 
substrate, respectively (the thermal decomposi t ion of  I 
can be neglected in these conditions).  The kinetic curves 
for compounds  2- -5 ,  9, and 10 are described by a 
first-order equation with a high correlation coefficient 
(0.98--0.999) (Fig. I). The first-order effective rate con-  
stants ker r = = k ' [ R O H I  n (k is the second-order  rate 
constant) were calculated from the anamorphoses  o f  the 
kinetic curves. The rate constant ker r is independent  of  
the content  o f  0 2 in the reaction mixture and the con-  
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Fig. l. Semi-logarithmic anamorphoses of the kinetic curves of 
1 consumption in the presence of 3 at [3]0 = 0.39 (I) and 
0.57 tool L -I (2) at 25.0 ~ and the effective rate constants of 1 
consumption as a function of concentration of 3 (3). 

centration of 1. The linear dependence of ker f on [ROH]0 
indicates the first order with respect to ROH (see Fig. I). 
Hence, the kinetic equation for the reaction is 

-d [ l ] / d t  = k i l l  �9 [ROH]. 

The temperature dependence of the rate constants 
for all the ROH studied was measured, and the activa- 
tion parameters were found (see Table 2). As can be 
seen, an increase in the activation energy is accompa- 
nied by an increase in the preexponential factor (a 
compensation effect) (Fig. 2). 

E a = (3.2_+1.6) + (l.5_+0.6)lgA ( r=  0.933), 

~/-P = (21.9+3.7) + (0.32_+0.12) - AS ~. 

The above dependence is also valid for the reported 
data z on p-methoxy-c t -methy lbenzy l  a lcoho l  ( I I ) ,  
ct-methylbenzyl alcohol (12), p- f luoro- (13), p-chloro-  
(14), p-bromo- (15), and p-methyl-~-methylbenzyl  al- 
cohol (16) (see Fig. 2). The compensation effect l ikely 
points to the same reaction mechanism for all the 
substrates. 

The kinetic curves of the dioxirane consumption for 
compounds 6--8 are S-shaped (Fig. 3). The 0 2 content 
in the reaction mixture affects substantially the thermal 
decomposition of dimethyldioxirane, to This fact was 
attributed to inhibition of the alkyl radicals-induced 
decomposition of dimethyldioxirane. Oxygen is chemi- 
cally bound with increasing conversion of I, and at the 
deep stages, the process is significantly accelerated. The 
preliminary purging of the starting ROH solution with 
argon decreases the induction period (see Fig. 3). A 
sharp increase in the reaction rate after the removal of 
O 2 from the solution points to a change in the mecha- 
nism. The amount of consumed inhibitor (02) allows for 

~/-P298/kcal mol - i  

to ~ _ 6 ~  

6 /~/// .~) 
I ~ ~ b J 

-50 -40 -30 -20 .6S'298/cal mol -I K -I 

Fig. 2. Dependence of~ l f*  on ,_XS ~ for a series of compounds. 

estimation of the efficiency of the escape of tree radicals 
during the process. The stoichiometry of the reaction is 
the following: the interaction between one molecule of 1 
and ROH produces two carbon-centered radicals in a 
sequence of fast reactions. The radicals add two mol- 
ecules of 0 2 and undergo recombination; as a result, one 
0 2 molecule is recovered in the solution. At higher 0 2 
conversions, it cannot trap all alkyl radicals; meanwhile. 
the chains are terminated by the cross reaction 

R" + RO0" -o ROOR 

without dioxygen evolution. Thus, during all the induc- 
tion period, the equimolar stoiochiometry of 1 con- 

[l]/mo] L -r 

0.035 
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0.020 

0.015 

0.010 

I000 
t I L I , ,  1 

2000 3000 4 0 0 0  5000 ~s 

Fig. 3. The kinetic curves for 1 consumption in the presence Of 
8 (24.5~ [8] 0 = 1.98 tool L-l): continuous purging with 
dioxygen (1); purging with dioxygen before a run for -2 rain (~; 
the .solution was purged with argon (3"). 
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sumption in the radical channel  of the reaction is main-  
tained. Hence, the [O210/6111 ratio (where A[I] is the 
amoun t  of  I decomposed during the induct ion period) 
characterizes the escape of free radicals during the re- 
action.  

It is seen in Fig. 3 that 9.25.  10 -3 tool k -I of 
dioxirane I is consumed dur ing the induct ion period of 
the oxidation of hydroxyacetic acid at 25 ~ The con-  
centrat ion of O 2 in the acetone solution at this tempera- 
ture is 1.83. 10 -3 tool L - l .  The solubility of O~ in the 
reaction mixture was taken to be equal to its solubility in 
acetone.  It Thus,  the yield of the radicals is { = 
[O210/AII] = 0.20. For compounds  6 and 7, 5, is 0.13 
and 0.20, respectively (5,. was calculated at the concen-  
tration of ROH equal to 9 vol. %). A significant increase 
in the escape of  the radicals into the bulk was observed 
for the alcohols conta in ing  the electron-withdrawing 
groups_ This is likely due to the fact that these substitu- 
ents stabilize to a lesser extent the positive charge on the 
reaction center  in the t ransi t ion state. 12,13 

Medium effect. Alcohols tend to self-association, 
and this can essentially affect their reactivity, i 'i,ls The 
dependence  of  kerr on [ROHI for 3 is l inear in a wide 
concent ra t ion  range (0.39--2.0 mol I--l) .  This indicates 
that the effect of  association of  the alcohol molecules on 
the reaction is absent. 

The effect of  the solvent polarity on the rate of 
consumpt ion  of  I was studied in the Me2CO--CCI  4 and 
I 'vle2CO--MeCN mixtures. Replacement  of  the nonpolar  
solvent CCI 4 (a = 3.4) by polar acetonitrile (~ = 36.6) 
does not change the rate constants  (Table 3), indicating 
a small polarity of  the t ransi t ion state. 

The effect of the R O H  structure  on the rate constant  
of the reaction.  As seen in Table 2, the reactivities of 
ROH at 25 ~ change in the fol lowing sequence:  
1 , 3 - d i h y d r o x y p r o p a n - 2 - o l  < hydroxyace t ic  acid _< 
2-chloroethanol  < methanol  < 2 -me thy lp ropan- l -o l  ___ 
benzyl alcohol < bu tan-2-o l  <__ bu t an - l , 3 -d io l  _.< pro- 
pan-2-ol .  

Examinat ion of  the above results with the Taft one-  
parameter  equat ion 12 

log(k/k0) = p'c~" 

does not show a satisfactory correlation (r  < 0.6) (a 
fragment > C ( O H ) H  is chosen as the reaction center, 
and k 0 is the rate constant  for 2). This  is likely due to the 

Table 3. The solvent effect on the oxidation rate/'or propan-2-ol 
([310 = 0.44 mol L-t: [1]0 = 0.04 mol L-i; 25.0 ~ 

Solvent Molar ratio ~rnix" keff" 10-3 
of the components /s - i  

of the solvent 

Me2CO--CCI 4 0.5 : 3.5 3.4 5.4• 
4 : 0.7 17 .3  4.95'___0.08 

Me~CO--MeCN 4.6 : 0.6 22_9 4.69• 
0.5 : 6.4 36.6 5.1'__.0.1 

* See Ref. 23. 

( I lcs')log(klk o) 

2 10 
O 

0 8 

-2  

-4  

-6  

-8 2/ 4 

-lO / ~  

I , , i ,  ,, I I [  I I 

- 4  - 3  - 2  - 0 1 crr/cs . 

gig. 4. Dependence of (l/~')loglk/k O) on ~r/c;" at 25 ~ acetone 
is the solvent. 

fact that it is insufficient to take into account  only the 
inductive effect on  the rate constant.  Therelbre,  our  
findings were examined with the modified two-param-  
eter Taft equat ion,  which takes into account  both polar 
and resonance effects of substi tuents t6 

Iog(k/ko) ~- 9"~" + r'cr r 

or 

(l/cs')log(k/ko) = p" + r'~rJ~ *. 

Here eft, cr r are the polar and resonance constants  of  
substituents, respectively, r* is the proportionali ty coeffi- 
cient, and k 0 is the rate constant  for the reaction of  1 
with methanol.  Compound  9 was removed from the 
correlation (Fig. 4). The following values of o r (ci') were 
used for the correlation: 3, 0.8 ( -0 .19) ;  4, 0.70 ( -0 .21) ;  
5 .0 .534 ( -0 .125) ;  6, 0.28 (0.385); 7, 0.56 (0.77); 8, 0.40 
(I .05);  and 10, 1.8 (1.454). According  to Fig. 4, 
p~ = - I . 7 + 0 . 1  (r  = 0.988). The 19" value calculated bv. 
the Taft equat ion with allowance for the reported data 17 
and the steric effect ts is - 0 . 7 7  (pS = 4.4). 

The negative p" value indicates that the positive 
charge of the reaction center  increases in the transi t ion 
state and the in t roduct ion of e lec t ron-donor  substi tuents 
accelerates the reaction. The p* value is comparatively 
small and virtually independent  of temperature (Table 4). 
This can indicate that the charge formed in the transi-  

Table 4. Temperature dependence of p" and P 

T/~ r" p" r 

10.0 2.4• -1.9_+0.5 0.986 
24.5 1.9• -I.7• 0.988 
30.0 2.2+_0.4 -1.6• 0.995 
40.0 2. t • - 1.7_+0.3 0.994 

Note. Acetone is the solvent: r is the correlation coefficient, 
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Scheme 2 
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tion state is not high and is stabilized mainly by the O 
atom ol" the OH group rather than the substituent. 13 A 
slight effect of  the solvent polarity on the reaction rate 
constant (see Table 3) also confirms a low-polarity 
nature of  the transition state. 

Reaction mechanism. The above experimental data 
can be rationalized in the context of the competit ion 
between the molecular ("oxenoid") and radical mecha- 
nisms (Scheme 2). 

On the basis of  the previously reported data, 19,2~ one 
can suggest that the transition state of the A type (see 
Scheme 2) results in either the intermediate B, which 
rapidly transforms to the carbonyl compound,  or to the 
radical pair C. 

The following facts give evidence in favor of the 
molecular pathway a: 

- - h i g h  yields of  carbonyl compounds,  ketones, and 
aldehydes (see Table 1), can be easily explained by the 
tbrmation of  the tetrahedral intermediate B; 

- - t h e  formal-kinetic features of  the reaction (the 
first order with respect to dioxirane and ROH); 

- - a  low value of  the entropy of activation, AS = = 
-10.8 to - 5 2  cal tool -x K -I  (see Table 2), points to a 
highly ordered transition state of  the A type. 

However, the effect of  02 on the reaction rate and the 
dependence of  the yield of  the oxidation products on the 
O 2 concentration (see Table I) are at variance with the 
molecular mechanism (oxidation of  compounds 6--8,  see 
Fig. 3). The effect of oxygen is associated with the 
competing reaction pathway b. The radical pair C forms 
in the singlet state and, as a result, the probability of 
intracell recombination is high. Therefore, one can expect 
a low escape of  the radicals into the bulk. This is the 
reason why the fraction of  radicals "trapped" by dioxygen 
is small and the yields of  carbonyl compounds are high 
(see Table I). A comparatively low p" value (see Table 4) 
also does not contradict the radical mechanism, zl 

In conclusion note that along with the radical mecha- 
nism (a substrate-induced homolysis), an alternative 

radical process, the molecular homolysis of  the O- -O 
bond, producing the bis-oxyisopropyl biradical D, is 
discussed in the literature (Scheme 3). 

Scheme 3 

...... . x O -  . _.4o 
> < o  o. oMe 

D 

However, biradical D isomerizes into methyl acetate 
with a low activation energy, z2 Hence, H atom abstrac- 
tion from the ROH molecule is improbable. 

Another possibility is the oxidation of  alcohols to 
ketones through a radical-chain mechanism (Scheme 4), 
which is similar to the known mechanism of  alcohol 
oxidation by diacylperoxides, z4 

Scheme 4 

+ R~ 

,9 =0+ .oX Rz/C~'.OH 

X OH HxR1 .. X OH / R~ 
O" 4- HO R 2 - OH + Ho/C\R 2 (2) 

When the chains are assumed to be generated by the 
interaction between dioxirane and alcohol and the chain 
termination occurs through the reaction of  Me2C(O" )OH 
with hydroxyalkyl radical, the reaction kinetics should 
be f i rs t -order  with respect to both dioxirane and 
alcohol. 
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Our experimental  data disagree with this mechanism. 
The ~,[RIRZCOI/A[1] value for alcohols 2 - - 5 . 9 ,  and 10 
is the same both in the presence and absence of  O 2. In 
an 0 2 atmosphere,  the hydroxyalkyl R I R - ' C ' ( O H )  radi- 
cals rapidly transform into peroxyl radicals, which are 
inactive in the reaction with 1. z5 Hence,  the accumula-  
tion of  RtR2CO through reaction (I)  in Scheme 4 can 
be neglected. 

As shown above, free-radical  processes play an im- 
portant role in the interact ion between dioxirane and 
alcohols 6 - - 8  in an inert a tmosphere  (~ = 0.13--0.20). 
In this case, the alkyl radical - induced decomposi t ion  of  
1 occurs, z5 which manifests itself in the S-like character  
o f  the kinetic curves of  I consumpt ion  (see Fig. 3). 
Nevertheless,  the yields of  carbonyl compounds  due to 
the oxidat ion o f  6 - - 8  in an inert a tmosphere  become 
lower by an order  of  magni tude,  indicating the low 
probability o f  reactions f,l) and (2) in Scheme 4. 
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