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Decomposition of Hydroperoxides by Boric Acid Anhydride in Solution. 
Electrophilic Hydroxylation of the Solvent 

By Hiroshi Sakaguchi, Etsuo Niki," and Yoshio Kamiya, Department of Reaction Chemistry, Faculty of 
Engineering, University of Tokyo, Hongo, Tokyo 1 13, Japan 

Three kinds of hydroperoxides were decomposed in aliphatic and aromatic hydrocarbons in the presence of boric 
acid anhydride at 100 "C in order to study the hydroxylation of the solvent. Secondary 1 -methylheptyl hydro- 
peroxide was decomposed by boric acid anhydride to give mainly octan-2-01 and its borate ester, and when n- 
pentane, n-hexane, benzene, and mesitylene were used as solvent they were simultaneously hydroxylated to 
secondary pentanols, secondary hexanols. phenol, and mesitol respectively. In the decomposition of t-butyl 
hydroperoxide. the solvent was hydroxylated to the corresponding alcohol or phenol, but t-butyl alcohol formed 
was dehydrated to isobutene. Acid-catalysed rearrangement of t-butyl hydroperoxide to acetone and methanol 
also took place. Curnyl hydroperoxide was decomposed exclusively to phenol and acetone and little cumyl alcohol 
and hydroxylation of solvent were observed. It was suggested that the solvent was hydroxylated not by free 
atomic oxygen or by a radical process but by an ionic, electrophilic substitution reaction where boron acted as 
electron acceptor and hydroperoxide oxygen as electron donor, generating an active hydroxonium ion. 

THE autoxidation of aliphatic hydrocarbons in the 
presence of boric acids gives alcohols in high yield and 
it has been suggested that boric acid decomposes the 
hydroperoxide selectively to the corresponding alcohol 
and boric ester and protects alcohol from further oxid- 
ation. Interestingly, when hydroperoxide is de- 
composed by boric acid, the solvent is also hydroxylated. 
Broich and Grasernann found that, when cyclododecyl 
hydroperoxide was decomposed in cyclododecane in the 
presence of boric acid anhydride, cyclododecanone and 
cyclododecanol were formed in 120% yield based on 
hydroperoxide decomposed and they interpreted this 
result in terms of formation and subsequent attack of 
atomic oxygen on cyclododecane to give cyclododecanol. 
GrasemannS found that aromatic solvents such as 
toluene and naphthalene were also hydroxylated, and 
Takamitsu and Hamarnoto 4 observed the formation of 
decanol from decane in the boric acid-catalysed de- 
composition of cyclohexyl hydroperoxide. The form- 
ation of mesitol from mesitylene in high yield has been 
found by Wolf and Barnes6 in the decomposition of 
tetralinyl, t-butyl, and cyclohexyl hydroperoxides 
catalysed by cyclohexyl metaborate. In the oxidation 
of ethylbenzene with boric acid anhydride, considerable 
amounts of o- and @-ethylphenol were observed in 
addition to l-phenylethanol.6 These results clearly 
demonstrate the hydroxylation of solvent in the boric 
acid-catalysed decomposition of hydroperoxide. How- 
ever, the mechanism of this hydroxylation reaction 
and the active species are not yet established. The 
objective of the present work is to study the decom- 
position of three kinds of hydroperoxides in various 
solvents in the presence of boric acid anhydride aiming 
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specifically at elucidating the mechanism of hydroxyl- 
ation of the solvent. 

EXPERIMENTAL 

Materials.-l-Methylheptyl hydroperoxide was pre- 
pared from octan-2-01 by the method of Williams and 
Mosher.7 It was purified by distillation under reduced 
pressure, b.p. 42.5 "C at 0.27 Torr (Found: C, 65.7; H, 
12.4. Calc. for C,H,,O,: C ,  64.9; H, 12.15%). Iodimetric 
analysis showed 99.4% purity and little impurity was ob- 
served by g.1.c. after reduction with triphenylphosphine. 
Commercial t-butyl hydroperoxide was purified by frac- 
tional distillation, b.p. 40.0 "C a t  25 Torr. Cumyl hydro- 
peroxide was purified as described previously.8 Other 
organic materials were purified by conventional method 
when necessary. 

Procedures.-Commercial orthoboric acid (5  x 10-4 mol) 
was placed in an ampoule connected to a vacuum line and 
then heated gradually to 250 "C over ca. 6 h under vacuum. 
It is reported that orthoboric acid is dehydrated quanti- 
tatively to boric acid anhydride by this treatment and in 
fact a 44 wt% loss was observed experimentally by thermal 
gravimetric analysis. The ampoule was cooled and 5 ml 
of solution containing 6 x 1 0 - 2 ~  hydroperoxide was intro- 
duced into the ampoule by the vacuum transfer technique 
together with a magnetic stirrer. The ampoule was sealed 
under vacuum and immersed in a thermostatted oil-bath. 

A naZyses.-After reaction, the ampoule was opened and 
analysed as follows. Unchanged hydroperoxide was 
determined by iodimetric titration. Products were ana- 
lysed by g.1.c. using two different columns at three tempera- 
tures : polyethylene glycol 20M at 200 "C for cumyl alcohol, 
acetophenone, and phenol; Porapak Q a t  200 "C for cumyl 
alcohol, acetophenone, and phenol, mesitol, hexan-l-, 
-%, and -3-01, octan-2-one, octan-2-01, and pentan-l-, 
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-2-, and -3-01; and Porapak Q at 130 "C for acetone, methan- 
ol, t-butyl alcohol, and isobutene. 

RESULTS 

Decomfiosition of l-Methylheptyl Hydroperoxide.-1- 
Methylheptyl hydroperoxide was selected as a model 
secondary aliphatic hydroperoxide. The results of de- 
composition of 1-methylheptyl hydroperoxide by boric 
acid anhydride a t  100 "C in several solvents are summarized 
in Table 1. As solvents, n-pentane and n-hexane were 
chosen as model aliphatic hydrocarbons, benzene as the 

from the hydroperoxide was octan-2-01. The material 
balance for octan-2-01 was not satisfactory ; however, this 
may be mainly because of the formation of the boric ester 
of the alcohol formed. The formation of octan-2-one in the 
presence of boric acid anhydride was small. The products 
distribution in Table 1 suggests that the contribution of 
thermal and Lewis acid-catalysed decompositions are small 
under the conditions employed. 

In the presence of boric acid anhydride, every solvent was 
oxidized and gave the corresponding alcohol or phenol. 
Table 1 implies that the rate of decomposition of hydro- 
peroxide and reactivity of solvent are closely correlated. 

TABLE 1 

Decomposition of I-methyheptyl hydroperoxide (0.050~) by boric acid anhydride under vacuum at  100 "C for 2 h 

103[Product]/~ (yo) 
Conversion ~ L > 

[B2Od /M Solvent (%I Octan-2-01 Octan-2-one From solvent 
30.6 0.4 (2) (-s-;-l;an01 iJ 3.5 (21) {geE;$ 68.6 12 (33) o.3 (o.8) s-Hexanol 6 (17) 

9 (23) 

0.26 
0.26 
0.26 Benzene 81.2 27 (60) 0.9 (2) Phenol 26 (57) 

Mesitol 61 (92) 
Phenol 0 (0) 
Phenol 0 (0) 

0.26 Mesitylene 99.4 35 (63) 0 (0) 
0 Benzene 10.9 8 0 (0) 
0' Benzene 82.4 15 (33) 22 (49) 

a Numbers in parentheses are percentages based on hydroperoxide decomposed. b Total pentan-2- and -3-01s. c Total hexan- 
2- and -3-01s. d n-Hexane-benzene (3 : 2 v/v). e At 150 "C. 

most stable aromatic hydrocarbon, and mesitylene as an 
aromatic hydrocarbon reactive toward both radical and 
electrophilic reagents. The results of thermal decom- 
position in the absence of boric acid anhydride at 100 and 
150 "C are also shown for comparison in Table 1. 

Table 1 shows that the rates of decomposition of 1- 
methylheptyl hydroperoxide in the presence of boric acid 
anhydride were much faster in every solvent than those of 
the uncatalysed thermal decomposition. Therefore, the 

hTo other products such as pentan-1-01, hexan-1-01, or 3,5- 
dimethylphenol were observed. It is worth pointing out 
that phenol was not formed in the thermal decomposition 
in benzene. 

Decomposition of t-Butyl Hydroperoxide.-As a model ter- 
tiary aliphatic hydroperoxide, t-butyl hydroperoxide was 
decomposed in several solvents a t  100 "C in the presence of 
boric acid anhydride. The results are summarized in 
Table 2. As observed with l-methylheptyl hydroperoxide, 

TABLE 2 

Decomposition of t-butyl hydroperoxide ( 0 . 0 5 0 ~ )  by boric acid anhydride under vacuum at 100 "C for 2 h 
103[Product]/~i (yo) Q 

Conversion t-Butyl r h 3 From solvent 
[B20s]/~ Solvent (%) alcohol Isobutene Acetone Methanol L * 

Trace 1.2 (5) s-Hexanol 0.9 (4) 
Phenol 4 (11) 1.6 (4) 8 (21) 
Mesitol 40 (108) 

0.26 n-Hexane 43.5 1 (6) 3 (11) 
0.25 Benzene 78.8 0 (0) 
0.25 Mesitylene 72.6 1 (3) 

O C  Beiizene 11.6 5 (89) 0.4 (7) 3 (58) 0.2 (3) Phenol 0 (0) 

4 (9) 
12 (33) 1 (3) ; (6) 
0 0 0 Benzene 0 0 

0 Kumbers in parentheses are percentages based on hydroperoxide decomposed. Total hexan-2- and -3-01. e At 150 "C. 

contribution of thermal decomposition can be assumed to 
be quite small at 100 "C. The aromatic solvents yielded 
higher conversions. The major decomposition product 

* The polymerization of isobutene was confirmed by the 
following independent experiments. When t-butyl alcohol was 
heated in the presence of boric acid anhydride, a decrease in 
t-butyl alcohol and formation of isobutene were observed and iso- 
butene then decreased a t  higher conversions. In  addition, when 
isobutene was treated with boric acid anhydride, the formation of 
2,4,4-trimethylpent-l-ene and -2-ene was observed, which then 
decreased with time. These results and our previous work lo on 
the decomposition of t-butyl hydroperoxide under vacuum indi- 
cate that isobutene formed by the dehydration of t-butyl alcohol 
polymerizes in the presence of boric acid anhydride. 

boric acid anhydride accelerated the decomposition of t- 
butyl hydroperoxide and the thermal decomposition was 
negligibly small a t  100 "C. As observed previously,l@ 
the major product from t-butyl hydroperoxide was iso- 
butene formed by the dehydration of t-butyl alcohol. In 
contrast to  l-methylheptyl hydroperoxide, the formation 
of acetone and methanol suggest that acid-catalysed re- 
arrangement of t-butyl hydroperoxide also took place. 
Much of the missing product from t-butyl hydroperoxide is 
probably a polymer formed from isobutene.* 
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The product distribution in the decomposition of t-butyl corresponding alcohol, the solvent is hydroxylated at the 
hydroperoxide was considerably different from that of 1- same time.? 
methYlhePtY1 hydroperoxide. However, the solvent Was Co&ib.t.ttion from a'yt Oxygen Atom.-Broich and 
similarly hydroxylated in the presence of boric acid an- Grmemann 2 first proposed the formation of an active 

from t-butyl hydroperoxide is t-butyl alcohol and that the 
decomposition of t-butyl hydroperoxide to t-butyl alcohol 
and the hydroxylation of the solvent proceed simultaneously 
by a concerted mechanism. 

Since the observed selectivity for s-hexanol was quite 
low, product (3  ml) was stirred with water (0.5 ml) at room 
temperature for several hours. The amount of s-hexanol 

hydride. This imp1ies that much Of the primary product oxygen atom in the boric acid catalysed decomposition 
of hydroperoxide and they suggested that this atomic 
Oxygen was 
An oxygen atom which may give alcohol selectively is 
the singlet o('0). However, the formation of o('0) is 
not probable at 100 "C in solution and moreover it has 
been reported l1 that O(l0) attacks the carbon-hydrogen 

for hydroxylation Of the 

TABLE 3 

Decomposition of cumyl hydroperoxide ( 0 . 0 5 0 ~ )  by boric acid anhydride under vacuum at  100 "C for 2 h 

1O3[Product]/~ (yo) 0 

Conversion Cumyl Aceto- From solvent [B,O,] /M Solvent (%) alcohol phenonc Phenol Acetone I I L 

0.26 n-Hexanc 100 0.2 (0.6) 14 (28) 41 (83) s-Hesanol 0 (0) 

0 (0) 44 (87) 44  (89) 
0.26 Benzene 99.8 0 (0) 
0.25 Mesitylene 99.7 0 (0) 0 (0) 
0 Benzene 4.5 0 (0) 0 (0) 0 (0) 0 (0) 
O b  Benzene 46.7 7 (29) 7 (29) 3 (12) 5 (19) 

00!?(1.3) 38 (73) 54 (105) 
Mesitol 

Numbers in parentheses are percentages based on hydroperoxide decomposed. Q At 150 "C. 

increased about two-fold. Therefore, considerable amounts 
of alcohol must have been present as boric ester which 
could not be analysed by g.1.c. No other product from 
solvent was observed and the formation of phenol was not 
observed a t  all during thermal decomposition without 
boric acid anhydride. 

Decomposition of Cumyl Hydroperoxide.-The results of 
decomposition of cuniyl hydroperoxide, a model for aro- 
matic hydroperoxides, are shown in Table 3. Like 1- 
methylheptyl and t-butyl hydroperoxides, the rate of 
thermal decomposition of cumyl hydroperoxide was quite 
slow, whereas i t  decomposed almost completely in 2 h in 
the presence of boric acid anhydride. A little cumyl 
alcohol was observed among the products, and phenol and 
acetone were formed exclusively in every solvent studied, 
which indicates that acid-catalysed decomposition pro- 
ceeded predominantly.* This is because of the high acidity 
of boric acid anhydride as a Lewis acid * and also because of 
the ready migration of a phenyl g r o ~ p . ~ , ~  

A more interesting feature of Table 3 is that the solvent 
was not hydroxylated a t  all. The phenol observed in the 
decomposition of cumyl hydroperoxide in benzene with 
boric acid anhydride must arise from the hydroperoxide and 
not from benzene since acetone was formed almost quanti- 
tatively and since mesitol was not formed at  all from mesityl- 
ene. 

DISCUSSION 

Although the material balance was not always satis- 
factory, the results show convincingly that, when hydro- 
peroxide is decomposed by boric acid anhydride to the 

t Note added in pyoof: Wolf, Mckeon, and Cannell have recently 
published work on the mechanisms of borate ester induced 
decomposition of alkyl hydroperoxides ( J .  Org. Chem., 1975, 40, 
1875). The conclusions of this work are at variance with our own. 

bond of aliphatic hydrocarbons statistically to give 
alcohol regardless of primary, secondary, or tertiary 
hydrogen. Since only secondary alcohols were formed 
from both n-pentane and n-hexane in this study, the 
contribution of O(1D) must be negligible. 

The reactions of the triplet oxygen atom O(3P) with 
hydrocarbons have been studied by many workers and it 
was reported that phenol was formed from aromatic 
hydrocarbons.12 On the other hand, O(3P) is reported to 
abstract hydrogen exclusively and give aldehyde or 
oxygenated products with a smaller carbon number.13 
Therefore it can be concluded that O(3P) is not res- 
ponsible for the hydroxylation of the solvent. 

Contribution from a Radical Process.-A contribution 
from a radical process has been proposed l4 where alkoxyl 
and/or peroxyl radicals are presumed to be the chain 
carrier. However, the major reaction of mesitylene 
with these radicals must be hydrogen atom abstraction 
from benzylic hydrogen instead of homolytic aromatic 
substitution and the high yield of mesitol (Tables 1 and 
2) cannot be explained by a radical process. More 
convincing evidence for the incompatibility of the radical 
process may be the results of thermal decomposition of 
hydroperoxide where the reaction undoubtedly proceeds 
by a radical process. As shown in Tables 1-3, no 
phenol was observed at  both 100 and 150 "C in the 
uncatalysed thermal decomposition of l-methylheptyl, 

l1 R. J. Cvetanovic, J .  Chem. Phys., 1964, 41, 3703; 1969, 50, 

l2 E. Grovenstein, jun., and A. J. Mosher, J .  Amer. Chem. Soc., 

l3 J. T. Herron and R. E. Huic, J .  Phys. Chem., 1969, 73, 

l4 L. Lena and J .  Metzger, Kinetika i Kataliz, 1973, 14, 

690; 1970, 52, 6821. 

1970, 92, 3810. 
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t-butyl, and cumyl hydroperoxides in benzene.* This 
excludes a contribution from a radical process for the 
hydroxylation of solvent in the decomposition of hydro- 
peroxide by boric acid anhydride at 100 "C.t 

Possibility of Electro$hilic Szlbstitzttiout.-The most 
probable reaction scheme must be an electrophilic 
substitution reaction where boron acts as electron 
acceptor and the hydroperoxide oxygen as electron 
donor. Interactions between the boron and oxygen 
of boric acid and hydroperoxide oxygen and hydrogen 
were suggested by Lena and Metzger l4 from an n.m.r. 
study. Since the rate of decomposition is dependent on 
the nature of solvent, the solvent must contribute in the 
decomposition of hydroperoxide and the solvent must be 
hydroxylated simultaneously with the decomposition of 
hydroperoxide. It was observed previously by Taka- 
mitsu and Hamamoto that the rate of decomposition of 
cyclohexyl hydroperoxide by metaboric acid was faster 
in toluene and ethylbenzene than in dodecane by a 
factor of 7-43. Electrophilic attack by OH+ or O+ 
formed in the decomposition of peroxide by Lewis acid 
is known for several cases such as epoxidation6 and 
phenol f~rmation.~, 17,18 In the boric acid catalysed 
decomposition of hydroperoxide, a stable boric ester is 

* Hiatt and Irwin l5 observed the formation of cyclohexanol in 
the thermal decomposition of t-butyl hydroperoxide in cyclo- 
hexane, whereas no phenol was observed in benzene. 

t A s  a referee has pointed out, under free radical conditions 
considerably higher yields of ortho-compounds are obtained than 
under electrophilic conditions.lB No information on the partial 
rate factors in this study can be obtained from either mesitylene 
or benzene. However, the absence of phenol in the thermal 
decomposition of hydroperoxide in benzene and also the absence 
of products derived from the 3,S-dimethylbenzyl radical must 
indicate that the contribution of free radical hydroxylation is very 
small. 

formed instead of free alcohol and this may be an im- 
portant driving force for the formation of an active 
electrophilic species such as hydroxonium ion. 

This electrophilic substitution mechanism implies that 
there should be a 1 : 1 correspondence between the 
hydroxylated solvent and alcohol (and boric ester and 
olefin). However, the data in the Tables show that this 
is not the case. This must be ascribed mainly to diffi- 
culties in the analyses of the products, which probably 
arise largely because some of the alcohols and phenols 
are present as boric ester and some boric acid anhydride 
is precipitated from the reaction mixture. Still the 
results strongly suggest that the electrophilic substi- 
tution mechanism is a predominant reaction path in the 

6203 t ROOH + SH - 

SH 

SCHEME 

hydroxylation of solvent. 
is shown in the Scheme, where SH represents solvent. 

The niost probable mechanism 
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