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Abstract - Aqueous hydrogen peroxide in the presence of dilute alkali effects
the oxidation of organoboranes. The conditions necessary for a clean and
quantitative transformation of organoboranes into the corresponding alcohols
have been established. Thus, one mole of trialkylborane reacts with three
moles of hydrogen peroxide in the presence of one mole of sodium hydroxide
to provide three moles of the corresponding alcohol. The concentrations of
these reagents or the reaction temperature can be varied widely without af-
fecting the yield significantly. Oxidation proceeds well in water-miscible
solvents, such as diglyme and THF., However, the reaction is slow and incom-
plete in diethyl ether. The addition of ethanol as a cosolvent circumvents
this difficulty. Wide variations in the structure of organoboranes do not
affect the reaction greatly. A variety of common organic functional groups,
such as alkenes, alkynes, esters, ketones, nitriles, etc., are unaffected
under the normal oxidation conditions. However, aldehydes are somewhat un-
stable under these conditions, although they do not interfere with the oxi-
dation of organoboranes

The alkaline hydrogen peroxide oxidation has been utilized earlier for the conversion of aryl-
and alkylboranes to the corresponding ’a]coho]s.3'4 A complete dealkylation of tri-n-butylborane to
n-butanol and boric acid was achieved by alkaline hydrogen peroxide.4 The reaction was suggested
as a convenient method for the determination of boron in organoboranes and was later developed as
an analytical procedure.5 The conditions employed were quite vigorous, involving heating a mixture
of alkylborane, hydrogen peroxide and saturated sodium hydroxide under reflux. Our early applica-
tions of alkaline hydrogen peroxide oxidation in connection with the hydroboration reaction also
utilized more vigorous conditions than were subsequently found necessary.s’7

The powerful synthetic tool of the hydroboration reaction, when coupled with oxidation, repre-
sents a convenient procedure for the eis-anti-Markovnikov hydration of carbon-carbon multiple
bonds. Consequently, we undertook a detailed study of this reaction with special emphasis on est-
ablishing the conditions for the oxidation of organoboranes, particularly in the presence of func-
tional groups.

RESULTS AND DISCUSSION

The present study was primarily intended to examine the effect of peroxide concentration, base
concentration, temperature and solvents on the oxidation of trialkylboranes. The optimum oxidation
conditions found in this way were applied to study the effect and stability of common organic func-
tional groups. Finally, the organoboranes derived from alkenes of different structural types were
oxidized under standard conditions in order to determine the effect of structure on the yield of
alcohol.

The standard oxidation conditions selected for the present study were based on our previous ex-
perience from the oxidation of organcboranes. Thus, 50 mmol of 1-hexene in diglyme was treated
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with 15 mL of 1 M solution of sodium borohydride in diglyme (20% excess) and sufficient boron tri-
fluoride etherate was added. The resulting tri-n-hexylborane was oxidized with 15 mmol of sodium
hydroxide and 60 mmol of hydrogen peroxide (30-35%) at 25-35°C. The aqueous phase was saturated
with anhydrous K2C03 and the organic phase was analyzed by GC. The product was a 94% yield of alco-
hols {94% 1-hexanol, 6% 2-hexanol).
Effect of Peroxide Concentration. It is evident that one mole of hydrogen peroxide is required for
the oxidation of each B—C bond {eq 1). The data in Table 1 indicate that either the use of excess
R.,B + 3 H202 —> 3 ROH + B(OH)3 (1)

3

Table 1. Effect of Hydrogen Peroxide Concentra- Table 2. Effect of Base on the Oxidation of Tri-
tion and Amount on the Oxidation of Tri-n-hexyl- n-hexylborane With Hydrogen Peroxidea
boranea

- Base Mol Temp., °C Yield,” %
HZOZ‘ mmo1 NaOH, mmol n-HexOH,” %

none 25-35 gg

none 70-80
&% L o NaOH 15 25-35 94
o K A 30 25-35 92
% e o 45 25-35 97
> i = Na2C03 30 25-35 85
- pi o Na3P0g 30 25-35 74
> b 44 Na2B407 30 25-35 70
. i o NaOAc 30 25-35 62
30 70-80 87

Tri-n-hexylborane (16,6 mmol) in diglyme and a ar

. ri-n-hexylborane (16.6 mmol)} and 60 mmol of 30-
30-35% solution of 2202 were used, unless men- 35% H202 were used. BCombined yield of 1-hexan-
tioned otherwise. “Combined yield of 1-hexanol ol and 2-hexanol determined by GC

and 2-hexanol determéned by GC. ©A 15% H202
solution was used. @A 7.5% H,0, solution was used.

hydrogen peroxide over the required amount or the concentration of hydrogen peroxide (30-35%, 15%,
7.5%) has no significant effect on the yield of alcohol. Some decomposition of hydrogen peroxide
was observed when it was added simultaneously with the alkali. These results confirm that for the
oxidation of one B—C bond, an equivalent amount of hydrogen peroxide is required. In practice, use
of a 20% excess hydrogen peroxide is recommended, taking into account the loss due to decomposition,
Effect of Base. The oxidation of tri-n-hexylborane is essentially quantitative in the presence of
the stoichiometric amount of sodium hydroxide. An excess of base does not affect the yield of hex-
anol. On the other hand, oxidation in the absence of base results in significantly lower yields of
hexanol. Similarly, in the presence of weaker bases, the yields were noticeably lower Table 2).
It is noteworthy that the basicity, rather than nucleophilicity, of the reagent is important for
complete oxidation. The base acts as a catalyst to generate the hydroperoxide anion. Although the
amount of base is not critical, one mole of sodium hydroxide per mole of borane is used in practice.

The reaction of organoboranes with neutral hydrogen peroxide leads to considerable amounts of
radical coupling.8 Such coupling has been observed in small amounts, even under alkaline condi-
tions. In the oxidation of phenylethane-1,2- and -2,2-diboronic esters with alkaline hydrogen per-
oxide, unexpected products have been noted (eq 2).9 The oxidation of alkylboronic acids has also

( ,0 H,0,
PhCH,CH —B\] g > PRCHO + PhCHZOH (2)
0 2 NaOH

been carried out under mild cond’it:ions.]0

A wide range of bases catalyze the oxidation of organoboranes with hydrogen peroxide. Conse-
quently, it is possible to apply this method in a variety of synthetic operations. For example,
the borane intermediate (]), obtained from the carbonylation of thexyldialkylborane, has been oxi-

dized to ketone without affecting the acetate functionality (eq 3).]] Likewise, sodium acetate
HO OH
Q CO/H,0
H_e\ Bhackir SN l—-.l-j—g—(cuz)sonc _NalAc O—E(cnz)60k (3)
(C,) 50 H202 795
1
12

In the presence of
13

was used in the oxidation of cyclopropylboron derivatives to cyclopropanol.
trimethylamine (to inhibit hydrolysis), tricrotylborane has been oxidized without rearrangement.
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In view of the instability of aldehydes to strong, bases, hydrogen peroxide at controlled pH has
been employed where the product is an aldehyde (eqs 4 and 5).”"]5
Mechanism of Oxidation. Kinetic investigations R "
by Kuivila and coworkel"s]6 revealed that the oxi- R C=CH RBH \_/ pH 7-8 R*CH,CHO (4)
dation of phenylboronic acid is independent of pH /\ Hy0,
and is base-catalyzed. These results are compat-
ible with the following mechanism in which the
preoxide anion coordinates with the electron- . -
deficient boron. The intramolecular migration RB pror o [‘2‘*@‘“ K"l g0 (5)
of the phenyl group from the electron-rich boron 3 (e-Proly
atom to the electron-deficient oxygen, accompanied
by the displacement of hydroxide ion, affords the borate ester (eq 6). A similar mechanism is pro-
posed for the oxidation of the borinic acids.]7

The reaction of alkylboronic acids with hydro-

H

_ oH oH
gen peroxide has been shown to proceed via an Sp2 py.-sz o0H__, pb(_‘&_(m > b+ oM (6)
]
mechanism and the relative migratory aptitudes are S 0-Ph
in the order: bridgehead > tertiary > secondary
10b

> primary > vinyl ~ phenyl > methyl.
The oxidation of trialkylborane proceeds accordingly in three successive stages. In aqueous so-
lution, the resulting trialkylborate is hydrolyzed to alcohol and boric acid, the latter being con-
verted to sodium borate in the presence of sodfum R3B + 3 Hy0, + NaOH —> 3 ROH + NaB(OH)4 (7)
hydroxide (eq 7). The mechanism shown in eq 6 is consistent with the observed retention of config-
uration in the hydration of alkenes via hydroboration-oxidation.]8
Effect of Temperature. In earlier applications of hydrogen peroxide oxidation, drastic conditions
were employed. A detailed study revealed that organoboranes are oxidized at temperatures ranging
from 0-80°C essentially quantitatively (Table 3). Table 3. Effect of Temperature on the Oxidation
Effect of Solvent. The hydroboration reaction of Tri-n-hexylboraned

° .
is generally carried out in diglyme or THF. Temp., °C Yield,
When organoboranes were oxidized in these solv- 22:25 32
ents, no difficulties were encountered. However, 50-55 94
75-80 89

significantly lower yields were realized when

a
the oxidation was carried out in diethyl ether, The oxidation was carried out with 16.6 mol of

borane, 60 mmol of 30-35% H202 and 45 mmol of
presumably because of the immiscibility of this sodium hydroxide.

solvent with water. Since diethyl ether is a common solvent, it offers several advantages, espec-
ially when the ether-soluble reagents, such as 1ithium borohydride or 1ithium aluminum hydride, are
used as the hydride sources. In order to circumvent this difficulty, the effect of higher tempera-
ture, vigorous stirring and of cosolvent on the oxidation of tri-n-hexylborane in ether was investi-
gated.

The hydroboration of 1-hexene was carried out in diethyl ether using 1ithium borohydride and bor-
on trifluoride etherate. As seen from the data in Table 4, vigorous stirring or heating the reac-
Table 4. Effect of Solvent on the Oxidation of Table 5. Effect of the Structure of Alkenes on

Tri-n-hexylboranea Oxidationa
Solvent Temp., °C Yield, % Alkene ROH Yield, %
diglyme 25-35 94 1-hexene 94
tetrahydrofuran 25-35 93 2,4,4-trimethy1-1-pentene 95
diethyl etherb 25-35 61 cyclohexene b 97
diethyl ether 25-35 90 2-methyl-2-butene 98
diethyl ether reflux 92 2,4,4-trimethy1-2-pentene’® 78
diethyl ether + 25-35 98 1,2-dimethylcyclohexenec 82
ethanol styrene 99

%Hydroboration with LiBH4 and BF3.0Et2. Oxida- %50 mmol of alkene was hydroborated and oxidized:
tion of 16.6 mmol of tri-n-hexylborgne with 60 60 mmol of Hp02 (303), 15 mmol of NaOH. bHydro-
mmol of H202 and 156 mmol of NaOH. ©Vigorous boration to the dialkylborane stage. cHydrobora-
stirring. tion to the monoalkylborane stage.

tion mixture under reflux provides hexanol in nearly quantitative yield. An alternative pv~ocedur‘e1
has been reported in which ether is replaced by ethanol following the completion of hydroboration. 9
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However, we found that a high yield of hexanol can be obtained with less experimental work by simp-
1y adding ethanol as a cosolvent,

Effect of the Structure of Alkenes on Oxidation. The present study reveals that under the standard
oxidation conditions, the secondary and tertiary alkyl groups on boron are oxidized with the same
ease as primary alkyl groups. In all cases, alcohols were obtained in 80-99% yield (Table 4).
Functional Group Tolerance in the Hydrogen Peroxide Oxidation. In the preceding sections it was
shown that the oxidation of organoboranes can be carried out under mild conditions. In a number of
cases the hydroboration of alkenes and alkynes has been carried out in the presence of certain

functional groups, such as esters, nitriles, alkyl halides, etc.20 If such functional groups can
be tolerated under the conditions of oxidation, the synthetic applications of hydroboration-oxida-

tion would be greatly enhanced. Consequently, it appeared interesting to examine the stability of
such functional groups under the oxidation conditions.

In the present study, the effect of common functional groups in the oxidation of tri-n-hexylbor-
ane was examined. The hydroboration of 50 mmol of 1-hexene was carried out in diglyme, as already
described. The excess of hydride was decomposed by adding water and 50 mmol of the chosen compound
containing the desired fucntional group. The organoborane, in the presence of added compound, was
oxidized by adding 60 mmol of hydrogen peroxide (30%) and 15 mmol of sodium hydroxide. The aqueous
layer was saturated with anhydrous potassium carbonate and the organic layer was analyzed by GC for
hexanols and the remaining added compound. In some cases, the reaction mixture was extracted with
ether. The results are summarized in Table 6. Table 6, Functional Group Tolerance in the Oxi-

These results indicate that alkenes, alkynes, dation of Tri-n-hexylborane?

. Added Compound

esters, ketones, halides ?nd n1tr11es are stable Compound Recovered, % 1- + 2-HexOH, %
under the standard oxidation conditions and do 1-hexene 96 95
not interfere with the oxidation of organoboranes. 1-hexyne 92 100
Thioethers and aldehydes are not affected signifi- 3-hexyne 38 %
1,3-cyclohexadiene 96 95
cantly by alkaline hydrogen peroxide. Recently, 2-butanone b 94 99
. X isobutryaldehyde 80 93
a method for the selective oxidation of organo- isobutyaldehydec 83 99
boranes in the presence of thioethers has been ethyl acetate 92 95
21 n-butyl bromide 93 99
developed. acetonitrile 97 99

The satisfactory stability of aldehydes under pheny]-n-pr%pyl

these conditions permits the oxidation of terminal sulfide d,e % 92
1,4-oxathiane™ 98

vmj]/‘];boranes to the corresponding aldehydes (eq aTri-n-hexylborane (16.6 mmo1) and the compound
4), Thus, the vinylborane derived from 1-oct- (50 r;mol) were treated with ?odium h{drogide (15
. (2 ol _ mmol) and hydrogen peroxide (60 mmol). O“Extract-

yne and big(3-methyl-2-butyl)borane (disiamylbor ed with ether prior to analysis. ¢Ether extrac-
ane) was oxidized at 0°C with a 15% solution of tion immediately after peroxide oxidation. 9Ex-
R . . _ periment carried out in THF. eSee ref. 21. Ex-

hydrogen peroxide, maintaining the pH of the re periment carried out with tri-n-octylborane; 45
action mixture between 7 and 8 by the controlled mmol of NaQH was added to suppress the oxidation
addition of 3 N sodium hydroxide. n-Octanal was Of 1»4-oxathiane; only 50 mmol of H)0, was used.

obtained in 70% yield.'®

Oxidation of organoboranes containing some other functional groups appears to offer no difficult-
fes. Thus, vinyltrimethylsilane was converted to the corresponding a]cohtﬂ.22 Both p-chlorostyrene
and p-methoxystyrene were converted to the corresponding alcohols in good yields.23 More recently,

a number of functionally substituted alkenes have been transformed into the corresponding alcohols

via hydroboration-oxidation.20 8
When the oxidation involves the replacement of é”)z \< MW, @,-m R "°\< ®
boron from a chiral center, no racemization is 0,
observed (eq 8).24 100% ee 981 ee
Although the alkaline hydrogen peroxide oxidation appears to be quite general for the conversion
of alkylboron derivatives into the corresponding alcohols, undesirabie side-products were obtained
in some cases. The intermediate (2) obtained by the reaction of triphenylborane with o,a-dichloro-
methyl methyl ether in the presence of base gave predominantly the protonclysis product upon stand-
ard oxidation. Use of sodium acetate, however, afforded the desired carbinol (eq 9).25 While the
vinylboranes have been successfully oxidized to aldehydes (eq 4) and ketones using hydrogen peroxide

98.4% ee
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in slightly basic medfa (pH 8), B-alkenyl-9-bora- o g C120H0cHs » Phocg’|  _Naow "
bicyclo[3.3.1]nonanes (3, 4) failed to afford the ¥ 2uiocet, 3 5 “OCEt, —W Pagim ' P:g:” ()
expected carbonyl compounds cleanly under these "‘“ﬂ“zoz
conditions {eqs 10, 11).26 Further study revealed Ph.COH 95%
that the B-alkenyl-9-BBN derivatives obtained from 3
terminal alkynes react rapidly (< 5 min) with water, n-Caltg ho0, 0%
aqueous sodium hydroxide, methanol, and even with 22 > meCH—CH=CH, (10
tiBuOH. with theyquantitative formation of the cor- 3-_\E NeH,POg—KoHPO, ve z (0
responding terminal alkenes. Such facile proton- 6;:;’
olysis may be due to the more open steric environ-
ment of these boranes. n-Cafly g "-C(Hi/ CyHg=n 0
In one case, the highly hindered alkylboron de- q—\ - :sx + "‘cs"n“:’;:q"g‘" an
rivative (5) resists oxidation even under drastic 6&:29
conditions (eq 12).25 With sodium acetate, no
CHC1 F 5 NaOH ,H,0, M
(s-C4H9)3B —E—[;BEE;———> (s-C4H9)3C—B\ ———;;Z;;———> (s-C4H9)3C0H + (e-C4H9)3B\ (12)
3 OECt s OCEt
5 3 21% 3

carbinol was obtained. Apparently the highly hindered boronic acid half-ester (f) resisted oxida-
tion, This difficulty was circumvented by the treatment of § with an acid prior to oxidation (eq
13).25 o
Stereochemistry of Oxidation. A detailed investi-
gation of the hydroboration of [E]- and [2]-1-hex-
ene-1,2-d2 and the deuterioboration of [E}- and [z]-1-hexene-1-d provides the direct evidence that
the hydroboration reaction involves the cis addftion of the boron-hydrogen moiety to the alkene
un{t.27 Moreover, hydroboration-oxidation studies with acyclic.28 cycl'ic,]8b and bicyc]'ic]8a alk-
enes lead to the generalization that the alcohol obtained corresponds to a pure cis addition of the
elements of water to the double bond, even though this results in the thermodynamically less stable
isomer (eq 14).]8b Consequently, hydroboration " ‘u
provides a valuable procedure for the synthesis [::]:: £, 1, [:::r;. (14)
OH

of stereochemically defined alcohols.

SO H
3503 NaoW
> (c-C4H9)3O—8(0ﬁ)2 -——-bH 0 (o C4H9)3C0N (13)
22 99%

CONCLUSIONS

The hydroboration reaction, with subsequent oxidation by alkaline hydrogen peroxide, provides a
convenient method for the cis-anti-Markovnikov hydration of alkenes from the less hindered side.
The oxidation occurs with the total retention of configuration, placing the hydroxyl group at the
precise position occupied by the boron atom in the initial organoborane. The reaction proceeds un-
der mild conditions, with no rearrangements of the carbon skeleton. Chiral alkyl groups are free
from racemization and a number of common organic functional groups are unaffected under the reac-
tion conditions. The precise regio- and stereochemistry of the hydroboration-oxidation sequence,
coupled with satisfactory functional group tolerance, makes this operation highly popular in organic
synthesis. Consequently, this is the most widely applied reaction in organoborane chem'lstry.zg’30

EXPERIMENTAL SECTION

Materials. Dg?lyme, tetrahydrofuran, ether and boron trifluoride etherate were purified as describ-
ed elsewhere. The alkenes and alkynes were 95-99% pure (Phillips Peétroleum and Farchan Research
Laboratories). Other reagents were common laboratory chemicals, purified by conventional methods.
The purities were ascertained by measuring refractive indices, by GC analysis, and by recording the
NMR spectra.

Analyses. The GC analyses were carried out on a F&M-500 gas chromatograph 6 ft x 1/4 in columns
paciga with glycerol-acrylonitrile or Carbowax 20M deposited on Firebrick. Suitable internal stand-
ards were added for the quantitative GC analyses. 37
Methods. The techniques used in handling air-sensitive materials are described elsewhere. All
hydroboration and oxidation reactions were carried out under the atmosphere of dry nitrogen.
Standard Hydroboration-Oxidation (in Diglyme) Procedure. A dry 100-mL three-necked flask equipped
with a thermometer well, refTux condenser, pressure-equalizing funnel and a magnetic stirring bar
was charged with 20 mL of a 2.5 ¥ solution of 1-hexene (50 mmol) in diglyme and 15 mL of a 1 ¥ solu-
tion of sodium borohydride in diglyme (15 mmol, 20% excess). Diborane was generated by adding 2.53
mL of BF3-0Ety (20 mmol, 20% excess) in 4 mL of diglyme to the well-stirred reaction mixture over a
period of 5-10 min, maintaining the flask at 25-35°C. The flask was kept at this temperature for

an additional hour. The excess of hydride was decomposed by adding 2 mL of water and the organobor-
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ane was oxidized by adding 5 mt of 3 ¥ NaOH (15 mmol), followed by 6 mL of 30% Hp0232 at such a
rate that a reaction temperature of 25-35°C was maintained when the flask was immersed in an ice
bath. A total of 0.5 h was required. The flask was cooled to 0-5°C and NaOH pellets (5 g) were
added with vigorous stirring. When the two phases separated, cyclohexanol (50 mmol) was added as

an internal standard. A few mL's of the organic phase were withdrawn, dried over anhydrous MgSO4
and analyzed by GC using a glycerol-acrylonitrile column. The results of these experiments are sum-
marized in Tables 1-6. For the study of stability of certain functional groups, the chosen com-
pound was added prior to the addition of NaOH/H202.

Oxidation of Tri-n-hexylborane in the Presence of Phenyl n-Propyl Sulfide (in THF). In a 100-mL
reaction flask equipped as described above was placed 0.92 g of I-hexene (11 mmol). To this flask
was added 15 mL of 0.3 ¥ solution of BH3-THF slowly at 0-5°C and the reaction mixture was maintained
at this temperature for 1 h. Residual hydride was decomposed by adding 1 mL of water. To this mix-
ture were added 1.52 g of phenyl propyl sulfide (10 mmol) and 0.92 g of 2-bromo-p-xylene (5 mmol,
an internal standard for GC analysisg. Oxidation was carried out by adding 1.5 mL of 3 ¥ NaOH (4.5
mmol) and 1,65 mL of 22% H202 (11 mmol), maintaining the temperature at 0-5°C. The mixture was al-
lowed to warm to room temperature, the aqueous phase was saturated with solid K2C03, the organic
layer was separated and the aqueous layer was extracted with ether (2 x 5 mL). The combined organ-
ic extracts were dried over anhydrous MgSO4 and analyzed by GC on a Carbowax 20M column. The anal-
ysis revealed 9.54 mmol (95.4% recovery? of phenyl propyl sulfide, 9.43 mmol of 1-hexanol, and 0.66
mmo] of 2-hexanol (a total yield of 92% for hexanols).
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