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Abstract

The reaction of disiamylborane With; enol acetates derived
from an aldehyde bearing two o ~hydrogen atoms involves a
slow anti-Markownikoff hydroboration followed by rapid elimination
and're-ghyd.roboration reactions, Selectivity between reaction of -
the eis and trans isomers is far smaller than for the corre5ponding
olefinic hydroéarbo_ns. | Enol acetates derived from ketones are

generally unreactive to disiamylborane,

The extent of reaction of propionic acid with a representative
series of trialkylboranes depends on the steric resistance of the
borane to the.initial co-ordination of the acid, The extent of
protonolysis deqreases with an increase in the total number of
alkyl substituents at the o¢ - and p - carbon atoms to boron,
With an unsymmetrical trialkylborane the selectivity between the
breaking of secondary~ and primary - carbon to boron bonds is

small, A very large selectivity is found in favour of the removal

of a primary - rather than a tertiary~alkyl group. This is thought

to be due to steric and not electronic factors,



iii

The stepwise oxidation of several unsymmetrical boraﬁes,
using small aliquots of aqueous alkaline hydrogen peroxide, shows an
anomalous se]ﬁtivity. " Thus the secondary alcohol, 2-methylbutan~3-o0l,
is produced more readily from disiamylen~hexylborane than is the |
tertiary alcohol, 2,3~dimethylbutan-2~0l, from thexyldi-n-hexylborane.
The relatiive reactivity is suggested to be controlled by: the overall
steric (rather than electronic) requirements of the organoborane=

hydroperoxide complex.

Trialkylboranes decompose by two competing mechanisms in
the presence of neutral aqueous hydrogen peroxide. A fast reaction
involving the homolytic fission of the carbc;n to boron bonds, yields
hydrocarbons. The second slower mechanism yields an alcohol
but probably not via a free radical mechanism. The importance of
the free radical mechanism declines inversely as the number of
oxygen atoms bonded to the boron atom. Seleétivity in the hydrogen
peroxide dealkylation of an unsymmetrical trialkylborane is masked
by the competition between the two reactions. In carbon tetrachloride
soiution the yield of alkane is replaced by alkyl chloride, and in the

preéence of iodine an alkyl iodideis obtained.




The oxidation of unsymmetrical trialkylboranes by

‘molecular oxygen leads to the predominant formation of
the corresponding alcohols. Only a very small selectivity
~is found between the breaking of the different carbon to -

boron bonds,
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ADBBREVIATIONS USED IN THE TEXT

Mol, = mole equivalent

’ T,H,F, ~ tetrahydrofuran
Diglyme ~= diethylene glycol dimethyl ether
G.lice == }gas liquid chi‘omatography
P.m.z. ~~ proton magnetic resonance
Disiamyle® o= bis:-(l,Zf-idimethylpropyl)e

Thexyl-% <& 1,1,2«trimethylpropyl~

% As far as possible chemical nomenclature and quantities
follow the recommendations made in the Chemical Society‘s
Handbook for Authors (1961 Ed.)., The two abbreviated
names above are used as suggested in 'Hydroboratlon' by
H C Brown, W A Benjamin, New York 1962,
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GENERAL INTRODUCTION

Although the reactions of trialkylboron compounds leading
to fission of the carbon to boron bond have been described in many
reports in the.litera.ture since 1938, the studies have generally
been confined to boranes containing a single alkyl group. The
present study attempts to discéover any selectivity between the
breaking of carbon to boron bonds when two different alkyl groups

are bound to the same boron atom.

Three different preparative routes to unsymmetrical
trialkylboranes are used, The main technique is hydroboration. 1
In the presence of an ether diborane adds readily to a tri~-substituted
olefin, yieldigg a diaikylborane. The subsequent addition of a less
alkylated olefin leads to the formation of an unsymmetrical
trialkylborane, Thus the reaction of diborane with two equivalents
of Zemethylbut-zgene, followed .by one equivalent of hex~l=ene,
produces bis-_-(l,2edirpethylpropyll)-T-n-_-héxylborane. A tetrasubstituted

olefin yields a monoalkylborane with diborane, Thus diborane gives




1,1,2-trimethylpropyldi-n-hexylborane with one equivalent of
2,3~dimethylbut-2-ene, followed by two equivalents of hex~l~ene,
To avoid the necessity for continued repetition in the text of the
fu._ll S'}.rstematri-c names .of -the above two organoboré.nes, the
abbreviations used by Brown have b-een followed, the former
.borane. Being re.fe.rred to as disiamyl-n~hexylborane, and the

latter borane as thexyldi-n-hexylborane,

For the other unsymmetricql boranes examined, Hennion
and McCusker!s methodz and Hawthorne's method’ are used.
The former éreparation proceeds via the selective alkylation of
boron trifluoride by t-butylrﬁagﬁesium chloride in the presence of
I;ex--l--ene to give di-t-l-:autyl-n—hexylborane. Hawthorne's method
for t-butyldi-n~hexylborane via the reaction of fhe amine-borane,

trimethylamine:t-butylborane, with hex~l-ene, is followed.

The use of gas~liquid chromatography under carefully chosen
conditions allowed the experiments to be carried out on a small
scale, 10-15 mmoles oforgangb_oranebeing used generally.

Lengthy isolation . and purification procedures, necessitating




larger scale experimeﬁts; were avoided by this methdd. The
chromatographic estimations used are described fully in the

Appendix,

Five reactions of the unsymmetrical boranes have been
studied and the thesis is -divided'into four Sections., The first
Section desc;.ribes the reaqtion of disiamylborane with representative
enol acetates, The second Section describes the reaction of
propionic acid with a series of unsymmetrical trialkylboranes,

The final two Sections describe the oxidation of rePresenté.tive
unsymmetrical boranes, in the first usiﬁg alkaline hydrogen
peroxide solution. The final Section includes the results of
oxidations using neutral aqueous hydrogen peroxide, and also the
complementary study using molecular oxygen, .An introduction

to the relevant reaction precedes each Section.

The first part of the Experimental Section contains details
of the experimental techniques common to all Sections of the study,
including the purification of solvents and reagents. Also included

is a description of the apparatus used in a typical hydroboration




experiment, together with the procedure followed during

(a) an external; and (b) an internal, generation of dibolrane.

H,C,, Brown, 'Hydroboration!, W, A, Benjamin, New York, 1962,
2
" GLF, Hennion, P, Ay McCusker and J' V Marra J. Amer,Chem.
“Soc., 1959, 81, 1768,
3

M, F, Hawthorne, J. Amer, Chem. Soc., 1961, §§, 831,




SECTION I,

THE REACTION OF DISIAMYLBORANE WITH ENOL
ACETATES.



'An extensive study has been made of organoboranes
containing a functional group in the o<, /B , or & position

1,2,5-14,16-19,21-26. gy g6 compounds

t\P the boron atom.
are readily available through the hydroboration of olefins

containing a substituent in the vinylic or allylic position.

- A systematic study of the hydroboration of allyl derivatives
: 5 | _
has been made by Brown. The allyl substituent was found to
influence the direction of addition of the B~H ‘bond to the olefinic

double bond,

The overall directive influence was explained in terms of
an inductive (I) effect. The proportion of boron added at the’
sec.ondary (ﬁ) position reflected the degree of polarisation of
‘the double bond induced by the I effect of the functi.onal group.
Thus hydroboration of allyl ethyl ether placed 18% of the boron
‘at the secondary position (small -1 effect), 2 a.ilyl chloride,

2
40%, and l,l,l-trifluoropropene, 74% (large-I effect).



Under hydroboration conditions the boranes with a ¥ substituent
were found génera.lly to Ee stable to further reaction, although
with boranes containing a chlorine or p~toluene sulphonyl group
in the ¥ poslition;. subsequent addition of aqueous base caused a

cyclisation reaction providing a cyclopropane derivative in good

2,6

yvield as in Schemel,’

HO" ‘ CH, .
>BCHCHEH,X ——— =BOH '+ CA—CH, + X

X —_— OL.CI;c\m.
The stability of the boranes with a P functional group

depended on the particular functional group, The secondary

2 26,

boron derivative from allyl tosylate,“ chloride, acetate, 2

't

and from 3-chlorocyclohexene’ suffered a spontaneous uncatalysed'

elimination reaction as in Scheme 2,

| =B-
CH!(i',HCHlX —> CHCH=CH, ¥=B-X ——H“"' CHSCHCH
2| ]
. B f
/\ /B\ -

At 09 the secondary boron derivative from allyl borate, 2

phenoxide, 2 and ethoxide,? allyl trimethyl sil::me,"9 and allyl
o .

trichlorosilane ’ were stable to further reaction, although all but




the silane derivatives suffered elimination in refluxing
tetrahydrofuran (T.H,F.) solution. In addition, a base
catalysed elimination was noted for the phenoxide derivative. 2
The hydroboration of allyl phenyl sulphide at 25° during 3 days
yielded only 5% of n=propanol, the product which would be
expected from_ a ﬁ elimination reaction of the intermediate
borane. This result might suggest that a sulphur coﬁta.ining
group in the allyl position exerts only a small directiye effect, 10
This need not be so, however, as the reaction here was complicated
by '"transfer reactions' which reduced the overall yield of

hydroxysulphides and made it difficult to assess the relative

importance of the elimination reaction.

Several workers have hydroborated vinyl compounds

113,14,15

8 enol ethers,

including the vinyl silanes'*? 12 vinyl halides,
ene thiols',lm 16 and ene-amines, 17,24 Here the hydroboration
reaction can produce either an ¢ or /9 substituted borane,
With vinyl compounds, the inductive (-I) effect of an electronegative

group on the double bond should be stronger than with the aliylic

substituents as examined by Brown, Hydroboration of such a




\
compound should therefore lead predominantly to the formation
of an o =~ substituted borane. 18 Conversely, mesomeric
interaction of the lone pair electrons of the vinyl substituent

~ with the olefinic double bond is possible in all the derivatives
studied above (with the exception of the siianes) and would polarise
the double bond in the opposite direction to that fa.vour'ed.by an

inductive (-~ I) effect.

It is significant that whereas vinyl trimethyl silane Wa:s '
hydroborated to piace 37% of the boron at the secondary positioln; 11
the eneamine derived :Ex;om cyc;,lohexanone added diborane to place
boron only in‘the ﬁ position to the amine function. 17 The silicon
containing group ca.nnc‘tt; pafticipate in mesomeric interaction with
the double bond, and the electronegativity of the silicén atom
would explain the large proportion of boron placed in the &< posiﬁon
to the silicon atom, as in (a), The analogous carbon compound,
t-butyl ethylene, gives only 6% of the- secondary boron derivative. 20
In the case of the eneamine, :i.‘nductive polarisation of the double

‘bond is clearly outweighed by another factor, the most feasible

being mesomeric donation of the lone pair electrons on nitrogen,

as in (b).
LS §+ ‘ L B @
—S[L—CH==CH2 '—-I:J}— CH“—C—%HZ —-I'I\i‘"—"CH—C Hy

(o) | | - ()
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Ha.wtho’rne was unable to obtain an organoborane stable
at ice temperature from the hydroboration of vinyl chloride.8
Instead, a violent exothermic reaction took place on warming
the mixture to 0°. The production of a large yield of ethylene
was interpreted as evidence for the formation of a thermally

unstable !B - halo organcborane, which underwent a spontaneous

elimination reaction, as in Scheme 3,

>B“—H oo
CH=CHCI —o> [3BCHCHE] —5—  CHeCH#)B-Cl 3

Pasto, studying the hydroboration of (> =ethoxystyrene, .
observed a similar elimination reaction. 14 Here, however, the
reaction was less vigorous and conseqﬁently more readily studied.
At 00 , hydroboration of thé enol ether and subsequent oxidation of
the borane using alkaline hydrogen peroxide solution yielded several
products including l-phenyl-2~-ethoxyethanol, - When the experiment
§vas repeated at 250; however, this alcohol was replaced by a

mixture of 1=, and 2-phenyl-ethanol in a total yield similar to that
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of the ethoxy alcohol, and in the proportions (80:20, respectively)
\ .
which would be expected from the hydroboration/oxidation of

26 This result could be explained most reasonably in

styrene,
terms of a temperature sensitive four centre cis ﬁ -'élimipation
of an intermediate organoborane, This conclusion is reinforced
by the subsequent ob servation'® that the hydroboration of
legthoﬁcyclohexene produced a borane whic]-arv.;as_ stable to
elimination in refluxing T,H,F, solution. Here hydrobora.tion
was demonstrated to pi-o'du‘ce a trans /B —ethoxy boron compound,
suggesting that the uncatalysed elimination cannot proceed with
trans stereochemistry, The addition of a Lewis acid, boron
trifluoride, to the reaction mixture after hydrobdration; caused
an exothermic reaction préducing both cyclohexene and, é.ftef
alkaline oxidation, a much in;:rea.sed- yield of cyc&lohexa'ﬁ ol,
Clearly an acid catalysed }B elimination was now occurring, but
with trans stereochemistry. The cis elimination reaction
observed with W-ethoxystyrene is clearly relafed to those observed
by Brown and other workers to be important for the P -substituted

boron derivative obtained firom the hydroboration of allyl derivatives.
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A furthe‘r‘ example of a temperature dependént elimination
reaction was found when di-_-’isobutylaluminium hydride was added
to a simple vinyl ether. On warming the reaction mixture from
0° to 259 a reaction occurred, liberating a substantial yield of

.15
ethylene,

When a series of ene thiols was treated with diborane, Pasto
obtained a mixture of several products in varying yields., The
products here were explained on the basis of ﬁtranéfer” reactions
involving the boron and sulphur atoms, 2% however, rather than by
elimination, re=-addition reactions, 10,16 The mechanism

proposed has not found overall acceptance, 2

A further example of the acid catalysed /3 ~elimination
reaction was found in the case of the product from the hydroboration
of an eneamine, 17 When N-cyclohex=l-enylpiperidene was treated
with diborane, and then refluxed in diglyme solution in the presence

of a carboxylic acid, an almost quantitative yield of cyclohexene

17

was obtained as in Scheme 4, J,W,. Lewis used the known

19

stereochemistry (trans) of the addition of diborane to an eneamine

8<

@L@’i‘—”— Cé) e O W,
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(c), and the necessity for acid catalysis, as evidence for the
formation of cyclohexene proceeding via a trans P -~ elimination,

as in {d).

@ (d) 4 (e)
In general, therefore, it has been found that a borane with
an oxygen substituen£ in the ,B positién will undergo a tempexrature
sensitive, uncatalysed , cis elimi'_nation', provided that the
~ stereochemistry of the borane is suitable. When a cis elimi_nation.
is not allowed owing to stereochemical factors, a trans elirninatioﬁ
14,17

reaction can occur, with either acidic, or ba.sic,2 catalysis,

‘and for both oxygen=- and nitrogen-containing functions.,

Prior to this study, two reports in the literature had
described the hydroboration of enol acetates,  Cagliotti et al,
hydroborated the enol acetate of cholestan-3~one with +diborane

and, on treatment of the reaction products with acetic anhydride,




14

22

obtained a good yield of cholest~2-ene, The olefin formation

is ana.logob.s to th_at noted by Le;;vis,' 17 and by Paéto; 14 requiring
acid catalysis, The intermediate borane has a stere.ochemistry
which would fﬁvour ‘an elimination step similar to that in fig. (d)
" above. Hassner and Braun treated 1l ~acetoxycyclohexene with an

excess of diborane and obtained cyclohexanol (38%) and trans

cyclohexanal, 2, ~diol (41%), after alkaline hydrogen peroxide

oxidation, 23 ~ The production of cyclohexanol was explained on the

followed by the addition of B~H to the resulting cyclohexene, as in

|
|
basis of a hydride-catalysed trans elimination of the § ~acetoxyborane ‘

Scheme 5., This explanation is unusual in that it is the only trans

elimination so far proposed to occur under hydroboration conditions,

rather than with a catalyst added during work -

. SB—H
2HO. JOH®
OH

Hm (Ococt,

-fup. The situation is further cornpllcated by the possible presence

of boron trifluoride during the experiment using 'disiamylborane'

(internal generation of diborane, using boron fluoride etherate).

PastoM: found that the presence of boron fluoride during hydroboration



of enol ether altered the course of the reaction, Supporting

evidence for the impar té.nce.of the presence of a Lewis acid
is found in the hyaroboration of the morpholine eneamine of
2-ethylbutanal, where hydroboration used only 1.0 mol, .of"
B-H bond, but occurred only when r;‘lore than 1,3 mol. of

borane was present, 24

It had been observed25

that the reaction of isopropenyl
acetate Wifh disiamylborane required 2,0 mol, of the borane,
The hydroboration of a series of representative en§1 acetates
was therefore undertaken, using disiamylborane in order to
attempt to resolve the surprising absence of a report of the
uncatalysed elimination reaction of the organoborane obt#ined
from the hydroboration of the enol acetate structure. Such an
absence is in contrast with the enol ether structure where both
catalysed and uncatalysed climinations are known., It was hope;d
that the use of unambiguously prepared disiamylborane might

lead to a more selective olefin synthesis than obtainable by the

use of diborane, on account of the dialkylborane's greater bulk, |

26

and its lower Lewis acidity.




2. Results and Discussion‘

- S WD A gy S gy g W g o e omt dub A dnb e gy D -

a) Scope of the Reaction

The reaction of an approximately fourfold excess of
disiamylborane with a series of enol acéﬁé.tes was carried
out in Ty H{FY solution Iat 0° (Table I), After 24 hr. the
residua;[ hydride was estimated by hydrolysis of the reaction
mixtu.re With‘water: Residual enol acetate was estimated by
g.l.c. The reaction mixture was then oxidised with an excess
of aqueous alkaline hydrogen peroxide, and estimated by g.l.c.
for alcohols and any olefin produced. In a control experiment
fhe internal standard, chlorobenzene, wéé found to be sté.ble

under hydroboration conditions (Experimental Section).

The enol acetates derived from the ketones reacted very
slowly to give undetectable amounts of alcohols, Symmetrical
ketones were used in order to limit isomerism to ciswirans
isomers about the olefinic group. The enol acetates derived

from the aldehydes with an o¢ »methylene group reacted rapidly,

16



Table I

17

Reaction of Enol Acetates with an Excess of Disiamylborane -

~in T,H,F, Solution at 0° (24 hr.)

Enol Esfer Derived| Initial  |lInitial. |Residual Re’sidﬁal Alcohol
From EnolEster{ R)BH EnolEsterf Ry BH (mmoles)
‘ (mmoles) j(mmoles)| (mmoles) | (mmoles)

h—Butyraldehyae 11;5 45,5 0.0 20.5 '.?.9\

) -Hexaldehyde 10.9 45,0 0.6 | 23.0 7.3
n—Oéta'ldehylde 9.3 42.8 0.0 17.7 5.5
Iséb;tyraldehj;de 7.6 29.5 6.3 25.7 -
Acetone 11.2 37.2 0.0 15.0 8.4
3-Pentanone 10,9 | 42.8 9.8 | _ 3.8..0 0.0
4 ~Heptanone 11.5 | 38,2 | 9.8 31:9 0,0
Cyclohexanone 9.5 38.1 9.1 33.8 0.0
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however, with the absorption of two equivalents of disiamylborane,
producing no detectable amount of olefin, but a good yield of the

nwalcohol, on oxidation,

'As a confirmatory experiment the hydroboration of
lf-acetoxyhexﬁ:lf_ene was repeated on a preparative scale (using
27.5 mmoles enol acetate), The‘ ﬁ%hexanol was iisolé.t,e:d. (67%
yield) after the alkaline hydrogen peroxide oxidation, and —
identified by the preparations of its phenylurethane which had a
melting point identical with that of the derivative prepared from a

known sample of n~hexanol,

There were two anomalous cases. The ester derived from
iso-:butirra.ldehyde behaved like those derived from the ketones,
only 17% reacting during 24 hr., while the enol acetate derived
from ac;etone reacted rapidly to completion, behaving more like

an aldehyde enol acetate,

. The relative reactivity of the enol esters is readily correlated
with their structure, Disiamylborane has been shown to react

easily with a di=substituted olefin, but only very slowly with a



19

tri-‘_-{substitut(.ed double bon{:'l,.‘26 The aldehyde enol acetates all
have a 1;2§'disubs£ituted double bond, while the acetates from
iso~butyraldehyde and the ketones have a 1,1, 2«trisubstituted
double bond, ' Iso-propenyl acetate is unusual in having a
1,1l-disubstituted dc;uble bond, and would therefore be expected

to react readily with a dialkylborane,
‘ ‘ ! :

At 0° cyclohexenyl acetate did not react significantly with
disiamylborane, during 48 hr. The loss of hydride from the
reaction mixture was similar to that from a solution of disiamyle
borane in the absence of cyclohexenyl acetate (see Experimental
Section, Table III), Hasasner and Braun achiefed ovef 60%
reaction with th-i.s systezm;z3 however, but here the fempel-ature
was allowed to rise to 600. Furthermore the experimental data
given describe the production of-é. monoalkylborane (2 moles, of
2-methylbut-2~-ene with 1 mole. of diborane), rather than
disiamylborane., Apartfrom any increase in ;-eactivity on raising
the temperature, disiamylborane isomerises readily in refluxing
T,H, ", solution (660); to give a less hindered borane which
yielded l3-_-’methylbuta.n-_-:1 ~0l on oxidation (as in Table II, Experimental

Section). Either factor might explain the difference in the results.




20
reported here from those obtained by Hassner,

' The formation of n-alcohols and with no detectable amount
of the parent aldehyde, su’ggeéts that boron is nof added at the
carbon atom in the ©X position to the acetoxy function, during
the .initi.al hydroboration. Small amounts of ketone detected
were probably produced through some hydrolysis of the enol
acetate during the alkaline oxida.i_:i_on. If addition of the B~-H bond
had occurred to place boron ot to the acetoxyl group, thc%n the
subsequent alkaline oxidation should produce a I1,1l=diol which

would lose water to regenerate the parent aldehyde.

A more gatisfactory explanation, which also accounts for
the necessity for two equivalents of the dialkylborane, is that the
boron is added at the ﬁ'-.-carbon to the acetoxy group. This
would explain both the ready reaction oﬁ isopropenyl acetate,
and the low reactivity of the enol acetate from isowbutyraldehyde,

- The former contained only hydrogen at tl‘le IBf-carbon, while the
latter ester had two B -alkyl substituents. Thué the inductive
withdrawal of electrons by the acetoxy group, as described by

Brown for the hydroboration of allyl a.c:eta.i:e,‘2 is not important here,
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In the case of enol esters it appez;.rs that inductive withdréwal
is outweighed by the mesomeric donation of a lone pair from
the ethereal oxygen atom, an effect operating in the opposite
direction. A similar explanation has been offered in the case

of enol ethers,

A }3:—e1imination reaction of the intermediate borane,
producing an olefin and disiamylboron acetate, would then explain
the necessity for the second equivalent of &isiamylborane.
Subsequent hydroboration of the olefin as iﬁ Scheme 6, below,

would produce a borane capable of giving the n~alcohol on alkaline

oxidation.
. R,B8H : r' :
RCHCHO.COCH——RCHCHOCOCH, —RCHCH, + RBOCOCH, |
BR:. H . RZBH
=]
o)
RCHCHOH OHMO: e HC HBR,

The eliminated dialkylboron acetate has been shown to be
31
unreactive to disiamylborane, and the second equivalent of

hydride cannot therefore be spent in reducing the ester gr oup. ‘

-
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Further confirmation of the importance of an olefinic
i'nfeﬁiaéciiate  comes from a comparison of the results of the
hydrobo‘r'ation of 1-acetoxyhex-l-ene, and isopropenyl acetate,
The former enol acetate givres' a géod yvield of n-hexanol, thé
.I;Vdroxyl ‘group being-pl-a..ced in the same position as the orignal
acetoxy gro.u];;. . The latiter enol ester gives a good yiéld of
.n-propancl, the hydroxyl group apiaearing at the terminal position
rather than at the site of the acetoxy function. This result would
be expected if the reaction proceeded through the hydroboration/
oxidation of prop-~l-ene and hex-l-ene, The use of disiamylborane
explains the absence of small amounts of hexan-2-o0l, and

isopropanol,

b) Attempted Separation of the Two Steps of Reaction

As the elimination reaction of the intermediate borane
occurred readily at 0° during this study, it was not possible to
use the method of Cagliotti,zn2 where an excess of the hydroborating
agent was used, an:i followed by the hydrolysis of residual BeH
bonds before an acid catalysed eli:mina.tion step. In order to isolate

the olefin, therefore, it was necessary to add one equivalent of

disiamylborane to the enol acetate. Table IV summarises the
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overall results obtained when the more reactive enol acetates,
were treated with 1.0 equivalent of disiamylborane at ice

tempe rature,

Samples were withdrawn periodically from the reaction
mixture, quenched with an excess of hexwl-ene, and the
residual enol ester estimated by g.l;c: . The results obtained 3
from reactions ..using the enol acetates of n-butyraldehyde,
nlghexaldéhyde; and n-octaldehyde are shown 1n Tables V=-VIL.
In all cases the enocl-ester loss followed a smooth curve, with
a stoicheiometry of two moles of dialkylborane reacting with one
mole of enol ester. The curves obtained from a typical experiment
are shown in Fig, 1. It is evident that thé initial hydroboration is
considerably, slower than the subsequent tho s;tages; making
isolation of an olefinic intermediate impossible. | Sirﬁilar rapid
/B -eliminations have been reported, as described in the introduction
to this sect::'Lcm;2;6“"8;14

Exﬁ)erimental difficulties were encountered in the estimation
of residual enol é.ceta.te’s derived from nf-_-hexaldehyde and |

ng-_octaldehyde; | Here, other compounds were eluted simultaneously
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Disiamylborane in T,H,F, Solution at 0° (24 hr.)

Enol Ester .

Initial Initial Residual Residual
Derived From Enol Ester | R,BH Enol Ester| R,BH .
(mmoles) | (mmoles)|(mmoles) | (mmoles)
n-Butyraldehyde 45,0 45,0 22.9 0.0
n-Hexaldehyde 38.5 42.0 15,1 0.0
n~Octaldehyde 34,4 34,7 19.0 0.0
Acetone 24.9 23.0 13.1 0.0




Table V (Fig. 1.)

The Reaction of 1-Acetoxy“oui: leene (47,2 mmoles) with Dlsla_ylborane (19 6 mrnoles 0.5M.)
in T, H,F, Solution at O° '

Time (hr.) 0,0 0.5 1.1 2.0 4.3 6,0 7,0 9,0 11,6 13,0 23.6
Enol acetate unreacted _ ) - . ) .
Cis isomer (mmoles) 2105 19,5 19,0 17.3 15,8 15,0 15,0 14,9 15,1 15,2 15,6

Trans isomer {(mmoles) 25.7 24.7 25.0 23.5 21,9 22,0 22,3 22,1 22,1 22,2 -22.4
Table VI

The Reaction of leAcetoxyhex~1<ene (35,2 mmoles) with Disiamylborane (20 4 mmoles) in
T, H,F, Solution at 0°

Time (hr.) | 0 0.5 . 10 25 4.0 5.5 7.5 141 22.5
Enol Acetate unreacted o . )
Cis isomer (mmoles) 15.6 15.4 14,2 13.4 11,6 11,9 10,7 10,1 10.1

Trans isomer (mmoles) 19.6 19.8 18,6 17,2 16,2 16,7 15,1 15.1 14,9

Table VII

The Reaction of lwAcetoxyoct-l=ene (33,1 mmoles) with D1s1amylborane (24,2 mmoles) in
T.H,F. Solution at 0°

Time (hr,) o 0.9 1,8 3.3 5,0 7.0 8,2 19.7

Enol Acetate unreacted | __ - ) )
Cis isomer (mmoles) 14,6 12,2 11,1 8,9 8.9 8,1 8.4 1.6
Trans isomer (mmoles) 18.5 17.5 16.5 15,4 14,9 13.6 14,1 13.4 &
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with the enol esters during g.l,c. analysis, giving an unreliable

estimation, The contaminant in the n~hexaldehyde case was
found to be water, probably introduced during quenching of the
samples with hex-l-ene, Use of carefully dried syringes and
sample bottles overcame the difficulty. In the case of the |
n-octaldehyde enol acetates, the contaminant appeared to be an
organcboron compound,.as the alkaline hydrogen peroxide

oxidation of the sample caused the peak to disappear.

A small scale oxidation of each sample withdrawn was not
suitable as a method of estimation, however, because some of
the ester was hydrolysed under the oxidation conditions, as
shown by the appearance of some n~octaldehyde, The alkaline
oxidation of the reaction mixture obtained from the hydroboration
of lwacetoxyoct-l=ene did not lead to the production of n~octaldehyde,

~ however, when an excess of disiamylborane had been present.

When decwl~ene was used in place of hex«lwene to quench
the samples; the contaminant peak was eluted later than the enol

acetates, allowing a reproducible estimation of the residual esters,
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The change in elution time was surprisingly small, however,
for a probable increase of four carbon atoms in the unknown

compound,

The Pfacgtoxy borane structure undergoes elimination
more readily than the /B-_-ethoxy boranes studied by Pasto. 14
With the latter structure the elimination reaction only became
important on increasing the reaction temperature to 250, Pasto
was able to demonstrate that the thermal elimination proceeded
through a'c.is transition state as in (1) below, Owing to the
limited reactivity of enol acetates derived from a cyclic ketone,
it was unfortunately not possible to hydroborate an enol ester
which would demonstrate the stereochemistry of the elimination-
ste.p in this study, It is probably significant, however, that all
the trans elimination reactions of )B-gfunctiona.l boranes which

have so far been reported, have required additional acidic or

basic catalysis and relatively vigorous conditions.,

The electron withdrawing carbonyl group might be expected

to make the ethereal oxygen atom of the acetoxy group less basic
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than that of an enol ether, and therefore less ready to participate
in a cis elimination process of type (1). Several reports have
described the ready inclusion of boron as a substituent in six-{I
member alicyclic systems, as in (f)‘.'_?’2 In addition, strong

- evidence has been presénted for a six-centre cyclic transition
state for the protonolysis reaction of trialkylboron compounds,
as in (g);33 Another repoft describes the ready formation of
cyclic compounds as in (h) below, through the reaction between a

'

/6 ~diketone and a trialkylborane, 34 Taking into account that the

R, /R
\QB'"O 0=,
¢ %\ ? / b
R C-R R oM
\ O/ - 4
| H-- - =22,
(1) e O
cH
0=C,
R f“:cl).co.CHa R'RC 9 >1|3 f\:cl)—C,Hs
—C——C— —C e C—
R APTRN Tv

(i) | (k) | (1)

carbonyl oxygen atom has been shown to be the most basic site of
the carboxyl group;35 therefore, it is probable that the elimination

reaction of the P-_oa.cetloxybo:on structure proceeds through a
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six-centre intermediate as in (k), similar to that proposed for
a pyrolytic ester elimination rather than via a four~centre

reaction'as in (j).

Moré information on the nature of the elimination reaction
might be obtaiﬁed by examiniﬁg the hydroboration of an enol ester
whose acid functlion contained a strongly electron withdrawing
group which WOI;:I.].(‘]. reduce the basicity of the carb.onyl oxjrgen atom.,
Duncanson and Gerrard found that the infra=red spectrum of
di~-n=butyl boron trifluoroacetate was uﬁusual in that the shift to
a lower wave number, observed for the af:sorption frequency of
the carbonyl group of a dialkyl boron acetate, propionate, etc.,
did not occur, > This anomaly was explained on the basis of the
quenching of a mesomeric equilibrium, as in (m) below, through
the inductive withdrawal of chargé from the carbonyl group by the

trifluoromethyl group,

O\ ' : /O\ !
R,B(O‘;CR > RB{ ZCR

An attefnpt was made therefore to prepare l«trifluoroacetoxyhexe

28

lwene, using the method of Bedoukian, No enol trifluorocacetate




could be detected in the reaction mixture, however, possibly

because the boiling point of the trifluoro-acetic acid anhydride
(39°) was too low to allow enolisation of the hexaldehyde to |

compete successfully with polymerisation.,

c) Selectivity -

Disiémylbora.ne has been used to remove the more reactive
cis-isomer from a mixture of cis~ and trans_f'olefins; Of the
" enol acetates examined abéve; only cyclohexenyl acetate,
isopropenyl acetate, and the enol acetate of isobutyraldehyde
show a single isomer.. The-en.ol_ acetates prepared from pentane
3-one and heptan~4-one are a mixture of cis and trans isomers,
The remaining aldehyde enol esters studied show only cis, trans
isomerisrﬁ: ‘The preparative methods used gave an approximately -

equimolar mixture of the two isomers (by g.l.c. ana.lysis)'.z'?'-':so

The results of the experiments where an insufficiency of
disiamylborane was added to the reactive aldehyde enol acetates

(Tables V~VII; Fig, 1) can therefore be used to calculate a
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relative=rate factor for the competition between the two isomers

for the available dialkylborane, The method of Ingold and Smith>’

gave the following results:

k .
1-acetoxybut~l=ene, N = 1,
- xybut~l-ene, trans = 1.3
cis
l-acetoxyhex-l-ene, /ktra,ns =1,3
l-acetoxyoct=lwene / =1,2
' trans

Reported va.lues38 for the hydroboration of olefins by
. K ‘ .

els _
disiamylborane are: but-2uene, Ik = 6; hex-3=ene,
R . trans SRR

kcislk = 9,5, a far larger selectivity,
trans
An experiment was therefore carried out to find out whether
isomerisation of the enol acetates occurred under the reaction
conditions, l-acetoxyhex~lwene was separated into the cis and
trans isomers by preparative g l.c. A sample o:ﬁ the purified cis
isomer was then treated with a small amount of disiamylborane,

and allowed to stand at ice temperature for 24 hr, After a small
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initial drop in the amount oaé the cis isomer as the disiamyibora.ne
reacted (Fig, 2, Experiment Section Table VIII), no further change
in the relative amounts of the two is.orners occurred, The enol
acetates were therefore stable to isomerisation under flydroboration

conditions.

Reaction of l=acetoxyhex~l-ene with the very hindered di-
isoPinocampheylborane resulfed in a small increase in selectivity
(s /g = 1.6). The experimental conditions were arranged

trans
to be similar to those in the competition experiments using
disiamylborane., The results are shown in Table IX. Again the
behaviour of the enol acetate isomers is in contrast to the cisw-trans
- mixture: of the corresponding olefin, which shows such selectivity

o .39
that the trans-olefin reacts only by a displacement reaction.

- This final observation indicates that the acetoxy group is éxerting
very little effect on the course of the addition, It is surprising that
the enol acetate of pentan-3~one, which has one extra substituent at
the double bond, and at .the carbon atom bonded to the acetoxy group,
should be so unr’ea'ctive to disiamylborane, On steric grounds,

therefore, it might be expected that the dialkylborane would add its
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Table IX

The Reaction of 1-Acetoxyhex-~l-ene (13,6 mmoles) with

Piwisopinocampheylborane (11.4 mmoles, 0.5 M) in Diglyme Solution

Time (hr) o 0.00 2.65 15,1 17.7 .

Enol acetate unreacted (mmoles)

Cis isomer ... 6.2 4.8 2.9 2.7

Trans isomer .. 7.4 6.7 5.4 5.3
Table X

The Reaction of 1-Pivaloyloxyhex-l-ene (4.70 mmoles) with

Disiamylborane (4.84 mmoles, 0.5 M.) in T.H.F,Solution.

Time (hr)., : 0.0 0.90 2.50 5,00
Enol pivalate unreacted (mmoles)

Cis isomer.. : 2,10 1,70 1,32 0,83

Trans isomer.. 2.60 2,30 2,13 1,90

25.8

2.7
5.2
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boron atom to the acetoxy-end of the double bond. The fact
- that addition is in the opposite sense appears to confirm the

electronic nature of the control of the reaction.

Some doubt exists as to the configtiration of the enol acetate
group. Sheppard and Owen, studying methyl vinyl ether) used
the rotational fine structure of certain infra=-red absorptions to
demonstrate the existence of two rotational isomers about the
oxygen=-vinyl carbon bond;40 One isomer was more stable than
the other by 1,5 kcal,, suggesting that the C“:C-O group is planar,
The cis isomer (n) was identified as the more stable. Methyl

formate was similarly found to have a planar configuration,

(n) , (p) (q)

Yogev and Mazur, however, examined the ultra-violet spectrum

of the more closely analogous compound, vinyl acetate, and found
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that the double bond makes little contribution to the electronic

41 It was therefore

transition of the acetate chromophore:'
assumed that .the plane of the CH3CO': O~ group was perpendicular

to the plane oi' the double bond), as in (p), rather than in the same

plane (q) as would be assumed from Sheppard!s results. If the

enol acetate adopts thé configuration (p), then the small cis/trans
selectivity of hydroboration would be explained by the ready attack

of the .organoborane frorr_: the less hindered side: Equally', the
presence of a strongly hi:ndered acid group in the enol ff:sterr should
have little influence on the selecfivity'; A sample of l-pivaloyloxyhex=
llj"ene; C4H9 CH:CH:O'COéC(CHB)?;,' was therefore preparéd and
separated by preparative ggllc; A mixture of the cis and trans
isomers was treaﬁ;ed with disiamylborane in a competition experiment,
and gave a competition factor kCiS/ktrans =1,7- (Table X). A
saxﬁple of the trans isomer was hydroborated also with an excess of
disiamylborane in order to check that the overall reaction of an enol

pivalate with disiamylborane was similar to that of an enol acetate,

The results were:
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Quantities (mmoles)

Initial Final |
. Enol Pivalate' (trans) 4,9 1.2
Disiamylborane 16;1 , 6.5
n=-Hexanol obtained 3.15 mmoles (85%)
Hexwlwene | | B | (undetected) |

.....

it

-« showing that the overall reaction is ‘similar to the enol

acetate case,

The selectivity between cis and trans enol pivalates parallels
that shown during the reaction of aldehyde enol acetates with
dig{isopinocampheylborane: | Tlhus the bulky pivaloyloxy-group
is able to influence the selectivity of the reaction. If the acid
group is ngt in the plane of the double bond, very little difference
from the selectivity of the enol acetates case would be expected,
It is possible) therefore) that the enol ester group has a planar

configuration, as in (q).

The small selectivity observed in the reaction of aldehyde

enol acetates with disiamylborane may therefore be a reflection
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of the smaller size of the ethereal oxygen atom of the ester,

compared with the alkyl group of a hydrocarbon.:
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SECTION II

THE REACTION OF PROPIONIC ACID WITH REPRESENTATIVE

SYMMETRICAL AND UNSYMMETRICAL TRIALKYLBORANES
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Introduction

Trialkylboron compounds have proved resistant to hydrolysis
by water and z.a.lc.ohols except under forcing condij:ions of
temperature and pressure. ! Aqueous hydrochloric and hydrobromic
acids react readil'y to liberate one equivalenf, of alkane, but further |
hydi:olysis of the dialkylborinic acid formed is very slow. 2 The
presence of alkali generally increases resistance to hydrolysis
except in the case of an isolated report by Weinhéirner and Marisco,
who founﬁ that the monoalkyl borane obtained by the hydrdboration of
1,2~dimethyl-l,2-diphenylethylene was readily hydrolysed by
aqueous sodium hydroxide, giving overall a stereospecific
hydrogenation of the olefinic double bond;3 This unusual behaviour
was explained in terms of the ability of the lgzgdimethylel;zf-
;iiphenylethyl group to sustain a hegative charge, allowing migration
of the alkyl group from boron to hydrogen, The general behaviour

of trialkylboron compounds therefore contrasts with that of
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trialkylaluminium compounds, which tend to be very unstable to

hydrolysis by water . 4

The more weakly acidic carboxylic acids are more effective

agents in the hydrolysis qf organoboranes, = The protonolysis of

a trialkylborane by a carboxylic acid v&#a.s first reported by |
Meerwein et al, in 1936;5 and has since been used preparatively
by Goubeau,® and Brown, 7 to achieve the complete dealkylation of
trialkylboranes, Kolesnikov et é}_. studied the reaction of frimnw
butylborane with mono= and di~carboxylic acids ;14‘ and M, Kumada
et al, developed the reaction using formic acid as a preparative
route to tri-n~butylboroxine, 5 A .;further report by Lang mentions
the preparationro.f boron=nitrogen heterocycles through the

16

protonolysis reaction using an k-amino acid,

ALK, Holliday et al, developed the reaction as an analytical
method for ’cJ:':'La,llcylbc;:t'a.r.te.s.8 Goubeau made a careful study of the
course of the reaction of trimethylborane with acetic acid under mild

conditions, and found that the dialkylboron acetate product is

polymeric at low temperatures, and that the boron containing product
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after removal of the last equivalent of methane unlder more

vigorous conditions contains a B-O-B bond.? H,C, Brown

proposed a sixwcentre cyclic mechanism for fhe protonolysis
| reaction;-lo and was subsequ’ently' able to demonstrate that the

implied condition of retention of configuration was followed during

the proj:onolysis of trif-zf-nérbornylborane;ll During f.he course

of the p;esent study Toporcer et al, reported an exhaustive kinetic
study of the r.ea.ction of triethylborane with several carboxylic acids, 12
An inverse relationship was found between the pKa of the acid, and
the rate Vof dealkylation. Support was also obtained for the six~centre
reaction mechanism proposed by Brown, both by demc;nstrating the
importance of the configuration of the carboxﬂ group, and by tﬂe
synthesis of compounds of similar structure to that proposed for

the protonolysis reaction intermediate,

11 was mention made of the protonolysis

In only one isolated case
of trialkylboranes which were not straight chain tri-n-alkylboranes,
In the present study, therefore, the aim was to estimate the

importance of structure of the alkyl groups bound to boron on the

rate of protonolysi's, and then to attempt to discover any selectivity
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between the removal of the different alkyl groups of an

unsymmetrical trialkylborane.

During the course of the study on selectivity, a parallel

series of experiments became known, 1> but the results obtained
_in the other work, under'more'vigoi:-ous conditionsr; disagreed
markedly with those found here, and it was therefore decided

to proceed, In the present work the approximate rates, and the
hydrocarbon products of the reaction were studied. - Since the
organoboranes produced via hydroboration are n.ot completely
pure (93-99%), 10 and cannot be purified without the risk of
extensive is'o:merisa.tion and disproportionation, no attempt at a

kinetic study was made, 1 (717 Rather, portions were withdrawn

from a standard concentration of the reactants in dig'lyme'(diethylene

glycol dimethyl ether) solution, quenched with aqueous sodium

hydroxide, and then the extent of reaction was estimated by

measurement of the hydrocarbon products by gas liquid chromato=

graphy (g.l.c.).

The study was therefore divided into three parts: (i) an initial

survey using tri-gnfhe':cylborané, to determine the most convenient



48

conditions for the study, and then (ii) 2 comparative study of

the overall rates of protonolysis of representative trialkylboranes.
Finally, (iii),. a series of unsymmetrical boranes were protonolysed
by pfopionic acid to estimate the selectivity of removal of different

alkyl groups.




1, The Reaction of Tri-n-hexylborane with Propionic Acid,

under Conditions of Different Solvent, Temperature and

" Concentration of the Reactants.

Results and Discussion

Before experiments could be carried out.to assess the relative
_stability of various trialkylboranes to propionic acid, it was
necessary to explore the reaction of a simple trialkylborane with
propionic acid, in order to find out the most convenient conditions
for a comparative study. A séries of samples .of tri=n~hexylborane
was therefore treated with varying amounts of propionic acid at

several different temperatures.,

The curves in Fig. 1 show that at 09, the reaction of tri-n=
hexylborane with propionic acid, using a concentration of 3.0 moles
of propionic acid per mole of trialkylborane, proceeds readily to
give one equivalent of n-hexane in 20 hr. A large excess of propionic
acid should greatly accelerate the dealkylation, and with 15,0 mol,
of propionié acid, one equivalent of n~-hexane was liberated in 4,0 hrl.

The second B~C bond was more resistant to protonolysis, and
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a,noma.lou.s results were obtained. The reaction with 3.0 m.'oles
of propionic acid per mole of borane gave a slow reaction to
produce 7% of' fhe ‘secon‘d éq_ﬁ.ivalent W:'Lthin-‘l 15 hr., whereas
15.0 mol;—of propionic acid {a five~-fold excess) failed to react
befbnd the first stage, A similar trend was found when the
borane, in diglyme sdlﬁtion; was protonolysed with 3,0 mol.,
‘and 15,0 mol., of p’rbpionic acid at 25° (Figs. 2 and 35; Here
the first equivalent of nfhexé.rie was produced within 3 hr, and
with 3.0 mol. propionic acid, 60% of the second equivalent in
42,5 hr., With 15,0 mol. propib;lic acid liberation of the first
equivalent of alkane was very fa.st » but no further reaction was

found within 110 hr,

Fig. 3 also shows the relative rates of pr'otonbiysis‘of
tri-n-hexylborane in tetrahydrofuran (T, H,F .) soiution, and in
petrol ether (100-120° boiling fraction), The protonolysis with
3.0 mol, acid in T H,F, solution was slower than that in diglyme

kdiglyme : |
( / ko, F,

o . k
reaction in petrol ether was faster ( Petroly

= 2.1 approximately, at 60,0 hr.), while the

=1,2 .
k diglyme 6 approx
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at 40,0 hr,) When a sample of. tri=nwhexylborane was
protonolysed in T, H,F, solution with 15,0 mol, of the acid
(Fig. 2), the rate of protonolysis of the second B~C bond was
similar to that in diglyme solution using 3.0 mol, of acid. The
behaviour here contrasts with that in diglyme solution, where

an excess of acid appeared to inhibit the protonolysis.

The most convenient solvent for a comparative study of
the reaction was therefore diglyme, where an internal generation

of diborane in the presence of an olefin, produced the trialkylborane

in situ._zo

—

T,H,F, was rejected as a possible solvent as, although

‘an internal preparation of the borane was possiblé; diglyme solution
gave a more useful rate of protonolysis. Petrol ether solution

gave a small increase in rate over diglyme, but here the organoborane
had to be isolated after its preparation in an ethereal solvent, with

the attendant danger of oxidation during transfer, a.nd. of isomerisation

and disproportionation during distillation,

Further experiments were cartied out to attempt to obtain an

~ explanation of the inhibition of the second stage of protonolysis in
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the'.presenbe of an excess of prbpiénic acid, ALKy Holliday'

et _a_lLS found that the presence of water inhibited the second

sté.ge of dea]kylatioﬁ of trimethylboi-ane by acetic acid in ether
solut_ioh at 40°, Dissociation of a complex between the solvent
and th.e dialkylboron acetate was not thought to be rate determining,
as acetate ion, in a dry ether solution, was also able to inhibit

the second dealkylation, ?roton loss to the solve_nf (or to the-
acetate ion in the latter case) from the second co~ordinated acid

molecule was suggested as a possible explanation (Scheme 1),

RBOCK RGOCR __—" " RBOCR), + R |
RCOM " héer M, Ho
. o [R B(OCR)J
ROH

Diborane is more soluble in Tr*'H"F"" than in diglyme, and in
solution is in the dlssomated form (BH3), when it can coordinate
with the solvent as RZO BH3. T.H,F, is therefore a more basic
solvent than diglyme, and the slower rate of protonolysis of the
secoﬁd alkyl group in the former solvent was probabiy due to the

more ready sblvatiori of a proton; A Karl F15chér estimation of
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the propionic acid used showed that. redistillation of the acid
before use had allowed the retention of 0,39% '(w/vj H,O,

The large excess of propionic acid used in tl;e protonolyses

in diglyme solution may therefore have introduced sﬁfficient
water to allow the type of inhibition observed by Holliday.

Fig. 2 shows fhat the inhibition is not merely a concentration
effect as the subsequgnt addition of sufficient dry diélyrne to
reduce the concentration of the acid to the molarity present
during the less concentrated protonolyéds only. allowed breaking
of the second B=C bond to proceed very slowly, inhibition is
therefore only 2 function of the relative proportions of the
reagents, A sample of propionic acid was therefore dried to
contain only 0.04% HzO (W/v) (Fischer determination), and the
experiment using‘a, large excess of the acid at 25° repeated,
using the dried acid, Fig. 4 shows that 2 rapid dealkylation of
.the dialkylboron propionate occurred at 25°, producing 70% of
the second equivalent of nehexane within 13 hr., A second- reaction
was carried out under similar conditions, but in the absence of

NaBF,, the by-product of an internal generation of diborane (Fig.4).
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The second equivalent of nehexane was released a little more

rapidly (kdilemel = 1,5 approx. at 9.0 hr.) showiﬁg
1&&55‘4 : * *

that the presence of NaBF, can inhibit the second stage of

dealkylation to a small extent, Presumably, therefore, the

borofluoride ion can act as a proton acceptor, similarly to

acetate ion, in the study reported above,8 but only to a: ssmall

extent.

The protonolysis in TVH{F{ solution using an excess of
acid was an anomalous case (Fig. 2). Here, the wet acid was
able to protonolyse the dialkylboron propionate slowly, although
the more basic solv:ent; T,\H,F,, together with the water
introduced with the acid, should be a more effective proton
accepting system , causing strong inhibition of the reaction.

No reasonable explanation for this feature could be found,

Brown and Murray7’ 1o have reported that trialkylboranes
containing secondary carbon to boron bonds protonolyse less
readily than those with primary carbon to boron bonds, As a

preparative procedure for alkanes they sdggested that an initial
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thermal isomerisation of the borane should be carried out,
allowipg the subsequent protonolysis of a more reactive structure,
Trienghexyliaorane was probably therefore among the more reactive
boranes of the present series and, with less reactive tfialkylboranes;
cofnpé.r_ison of extents of protonolysis would be most conveniently
‘based on the first stage of dealkylation. Torporcer gt a.]_.lz in a
kinetic 'study of the mono~dealkylation of triethylborane by various
‘organic acids, found that protonolysis was approximately one order
of magnitude faster in xylene solution than in diglyme, It was of
interesf therefore to compare fhe extent of protonolysis of the first
alkyl group in diglyme solution with that in a non-polar solvent.
The sterically hindered borane, thexyldirnehexylbora;ne,reacted

-with propionic acid at a convenient rate for this comparison.

An attempt to isolate the borane by vacuum distillation (0.05mm)
was unsuccessful, jrielding 2,3-7dimethylbut-72;ené, and trien-

19

hexylborane. The procedure recommended by Hawthorne™ * was
therefore followed, whereby the borane was prepared in T, H.,F.

solution. The solvent, andexcess olefins from the preparation

were then removed under reduced pressure. It was possible, in




this way, to prepare solutions of the borane in diglyme, and

petrol ether (100-120° boiling fraction), Treatment with
dried propionic acid (3.0 mol.) slowly produced n~hexane,
..but only a very small amount of 2, 3-dimethylbutane. The
rate of n-hexane production was similar in the two solvents
(Fig. 5), giving an approximate value for kpetrOIIkdiglyme
of 1,4-1.5, a much smaller value than found by Toporcer

for triethylborane, Clearly, therefore, tﬁe initial dissocation
~of a co~ordination complex between a more branched borane

and the solvent diglyme is not important under the conditions

of this study.
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2) The Reaction of Paropionic Acid with Representative

Symmetrical and Unsymmetrical Trialkylboranes

Results
The organoboranes studied were prepared by the hydroboration
method, with the exception of the t-butylboranes'which were

prepared using the method of M, F, Hawthorne21

and P, A,
McCusker et al, 22 An protonolyses were carried out in diglyme

solution (0.65M,), using the amount of dried propionic acid (3.0

mol, ) necessary to break all B~C bonds present;

Experiments detailed in Part 1 , above, showed the sengitivity
of the protonolysis reaction to temperature. Only tri-n-hexylborane
was reactive to propionic acid at 0°. The main comparison of the
extent of protonolysis of the series of trialkylboranes was therefore
carried 0;11: at 50°, the more reactive boranes also being compared

at 25°.

J. Goubeau and H, Lehmann showed that the third stage of
protonolysis of a trialkylborane is accompanied by a change in
. \
_structure of the boron«containing residue, and does not proceed

readily at low temperatures.9 Experiments outlined in Part 1




above, together with the results of A,K, Holliday et ELI_;S

suggest the first stage of protonolysis to be more suitable
than the second stage, as the basis of the comparative study.

fpRr® , Which

In addition, for an unsymmetrical borane, rRIR
contains both an alkyl group (Rf) which is rerﬁoved readily from
boron and another (R®) which is protonolysed slowly, thé _

electronic nature of the boron containing compound would be
different after tl;le first stage of dealkylation, Thus if the

extent of protonolysis is not allowed to procéed beyond approximately
- 75% of the removal of the first _alkyi group, the substrate yielding

the; alkane may be assumed to be the trialkylborane, The
assumption is supported by the relatively slow second dealkylation
(see Part I, above), which is inhibited probably By electron
donation from the propionyl group to the boron atom, lowering |

the Lewis acidity of the boron a.t:om.24

The comparative data are therefore derived mainly from
the first stage of protonolysis. This also allowed the use of a
relatively low temperature, 50°, at which it was anticipated that

isomerisation, etc., reactions of the boranes would not be important,



The isomerisation, disproportionation, etec,, reactions possible

under these conditions are considered more fully in Part 3 below.

The extent of pfotonolysis was estimated as described in the
Introduction, above, The re5q1ts obtained from a series of
symmetrical and unsymmetrical boranes are summarised in Table
I in order of the extent of protonolysisr. The‘less reactive boranes
were also protonoiysed in sealed tubes as a precaution against
pOSSible. contamination of the reaction mixture, or loss of volatile
products, through the repeated puncture of the rubber Suba-Seal

cap of the reaction flask,

. For the unsymmetrical boranes, the total yield of saturated
. hydrocarbons is included in the table, and no account taken of

selectivity between the different alkyl groups present,

The boranes studied included symmetrical tri-primary
alkylboranes (reactions 1, and 4, in Table I), and tri-secondary
é.lkylbora.nes (5,11). Uhsymmgtrical boranes examined included
three boranes containing a tertiary, and two primary alkyl groups

(2,6,7), and one containing a primary and two tertiary alkyl groups (3).




Table I

The Reaction of Propionic Acid with Representative Trialkylboranes in Diglyme Solution {0.65 M.)

“

Total Yield of Alkanes Produced - Total Number of
oo 250 500. Alkyl Substituents
Yield® TimeP| Yield®Time®| Yield® Time"° o< B (X + B)
1. Tri-nehexylborane 100 16-19| 100 2.3 |100 1,0 0 0 0
117 110.0}) 173 110 | 140 3.2
2, te-Butyldienehexylborane | = - 100 11,25{100 1.3 2 0 2
126 75 |114 3.2
3. Diet-f-butyl-_-n-g-hexyl-_- - - 74,1 11,25176,6 1,3 4 0 4
borane 91,6 20,0 92,5 3.2
4, Trie(2=ethylhexyl)w w " 7.3 11.2512,9 3.2 0 3 3
borane 16.3 48.0 [95,9 48,0
5. Tri-2=hexylborane 6.6 96,0 [11.5 48,0 |59.4 48,0 3 0 3
6. Thexyldimn-hexylborane 67.0  240%[63,1 48,0% 2 1 3
7. Thexyldi-n~octylborane | = - - - (66,3 48,0% 2 1 3
8. Disiamyl-n~hexylborane | - - (12,1 123 [52,5 66,0% 2 2 4
9. Disiamylen~octylborane | - - - -~ [47.0 66,0% 2 2 4
10, Disiamyl~2=hexylborane | - - - - 4,8 66,0% 3 2 5
11, Tri-siamylborane - - - - [2,4 46,2% 3 3 6
12, - Dithexyl-n-octylborane ) . 4 2 6 o
13. Thexyidi-2~hexylborane ) Couldnotbe prepared by hydroboration 5 2 7 JU‘
# Sealed tube experiments b hr.

a % (100% = removal of one alkyl group irom R3B)
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Unsymmetrical trialkylboranes containing one primary and two
secondary alkyl groups (8,9) and also a borane containing a |
mixtui‘g of two different secondary alkyl groups (10), were also
ex.amined. An attempt to prepare dithexyl;n-octylborane (12)

by hydroboration failed, as aid an attempt to prepare a trialkyl-
borane containing both tertiary and secondary alkyl groups bonded
to boron (13). The _iatter resﬁlts (12,13) are.in a_.b.cordanc@ with

reports from H,C, Brown's laboratory. 23

As it was not inte;nded at this stage to distinguish between
the alkyl groups removed during prqtonolysis;,an attempt was
made to :Eollow_ the reaction spectroscopically through the change
in the stretching frequency (infra-red regioﬁ) of the carbonyl
grou@ of propionic acid, on reaction with a trié.lky.lborane.'
W. Gerrard et al, have found that di-n~butyl acetylborinate shows.
only one C-yb stretching frequency (1603cm. '71) and at a lower
frequency than that for the carbonyl group of free propionic acid,
probably due to the shariﬁg of lone pair electrons of the acid

carbonyl group with the electron deficient boron atom, as in (a)?‘g’
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"When a sample of tri-n~hexylborane and propionic acid (1.0 mol.)

in TLH, F, solution at ambient temperature was placed in an iex.

0 | o]
N N ’
RB CR — RB (R (2)

solution c;ell; the normal carbonyl stretching frequency of propionic
-acid could be distinguished (1725 cm'-"l)‘, together with a small
absorption at 1630 cm"-'l. The relative strength of the two
abso;-ptions did not change significantly within 5.0 hr., however,
and no absorption was found in the region examined by Gerrard,
The infra-red spectroscopic correlation of rates was not therefore

pursued..

Table I also includes an analysis of the number of alkyl groups
present at the carbon atoms o¢ - , and ﬁ -, to boron in excess of
those present in a étraight chain trialkylborane, The rate of
dealkylation, in general, decreases in accordance with thé total

number of ¢ and /B alkyl substituents present,
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Discussion

A mechanism proposed for the protonoiyéis reaction by
H,C, Brown involves the initial co-f'ordiné.tion of the carboﬁyl
oxygen atom of the acid to the boron atom, followed by a Sixe
centre bond rearrangement producing one mole of alkane and

] , . 10,11
one mole of dialkyl acylborinate (Scheme 2).

RB—O RB--O, RH

. ) : % A S .
R,B4+ RCOH— CR==R¢’ CR—— + 2.
3 H—0O” ‘H--07 RCOBR,

The impliet_i condiﬁon of retention of configuration at the carbon
atom previously bonded to boron was verified experimehtally.
Toporcer et al, were able readily to prepare derivatives of
‘triethylborane, and a 1,3«diketone which had a configuration, as
in (b), similar to that of the six-centre intermediate (in Scheme 2)

proposed above, 12 They were also able to show that the acidity of the
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reagent was not necessarily as important as its configuration,
Thus Zf-pyridone (pKé. = 11,62) was able readily to protonolyse
triethylborane, and with kinetics similar to the reaction with a
carboxylic acid, but 4=pyridone (pKa = 11.09), of comparable
acidity, was not, The protonation of a carboxylic acid has been
demonstrated to place a proton on the carbonyl oxygen atom, .
suggesting this to be the most basic site of the carboxyl grou.p.f25
iF‘he overall mechanism proposed by Brown is therefore

reasonably substantiated,

On the basis of this mechanism, three factors may control
the relative extents of protonolysis observed for the trialkylboranes
in Table.l. Such factors would be (i) the type of carbon to boron
‘bond, (ii) the inductive effect of the alkyl groups bound to boron,
‘and .(iii)_ the clzombined steric requirements of the alkyl groups
and the attacking acid, Considering the first factor, the order
of thermodynamic stability for primary, secondary, and tertiary
carbon to boron bonds has been éstimated; from the behaviour o‘f
a branched borane under thermal equilibrating conditions, to be
primary ) secondary)tertiary. 17;26’27;28. Such an order is
the reverse of that in Table I, .Where the primary borane (1) is

the most unstable to protonolysis.




The inductive donation of charge from an alkyl group may

be expected to influence the Lewis acidity of the bornn atom,

and thereby._decrease the ease of co~ordination with the propionic
acid. In the series of boranes (1,2, 3) Whe:r;-e n~hexyl ‘graups are
progressively replaced by;t-bLzltyl groups, the extent of protonolysis
decreases as the inductive donation of the charge from t-butyl

groups increases. - When one n-hexyl group only is replaced by

a 1,1, 2-trimethylpropyl group,however, the extent of protonolysis

is velry greatly reduced., The inductive effect of the ia;tfer group
w&uld not be expected to be much larger than for a t-butyl group,

as the inductive effect declines rapidly through one or more C-C
bonds.zg Similarly, in the results 4 and 5 (Table I), the extent

of protonolysis of a tri-primary alkyl borane, tri-(2-ethylhexyl)=
borane, was found to be similar to that of a tri«secoﬁdary alkylborane,
tri-2-hexylborane. Such combarability could not readily.be explained
solely on the basis of donation of inductive chafge fforn the alkyl groups

to the boron atom.

Table I includes an a.naly;sis of the number of alkyl substituents
at the carbon atoms at the of and IB positions to boron, in excess

of those present in a straight chain tri.-‘n-alkylborane. The table is
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arranged to fead_ from top to bottom in the order of decreasing
extent of protonolysis, and inspection shows this order to
correspond to the increase in the combined number of alkyl
substituents (o< +'ﬁ). If the mechanism proposed by Brown
for the protonolysis reaction is a.c.cepted; then the formation
of ;:he intermediate complex requires'the boron atom to change
from a ﬁlana.r to a tetrahedral configuration,. decreasing the

separation of the alkyl groups,

Inspection of Dreiding molecular models suggests that the
/3 ~alkyl substituents increase the steric compression between
the groups at boron to a similar, or greater extent than an
~ -substituent. Thus the approach of the larrge bidentate acid
| group will be resisted both on account of its own bulk, and also
by internal strain generated in the borane, The rate!‘-‘-fdetermini.ng
stage of proﬁonolysis of a hindered borane may then possibly be
either the initial'cog'-'ordinati;on of the acid followed by a fast
dealkylation, or an equilibrium (as in Scheme 3) which lies heavily
to the left. The possible steric control of the reaction rate would

be consistent with later results where the hydroperoxide anion, a

_i?'.."t__, RH + R,CO,B R, 3.

RB+ RCOH —==_ RB.RCOH
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smaller but more active nucleophile, also gives results which
are explained more satisfacto;i_ly on & stericl; rather than an
electronic basis (Section III; The Selective Oxidation of
Unsymmetrical ’i‘rialkylboron\Compounds using Aqueous

Alkaline Hydrogen Peroxide).
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3) The Selective Protonolysis of Representative Unsymmetrical

Trialkylboranes

Results and Discussion

For reasons outlined in Part 2 of this Section (see above}, the
extent of protonolysis was not generally followed beyond the removal
of the first 75% of one equivalent of alkyl group. A series of
unsymmetrica_l trialkylboranes was therefore protonolysed in
diglyme solution at 50°, using 3,0 mol, of dried propionic acid,
The dealkylation v;ras followed by the periodic withdrawal,and
quenching, of small aliquots of reaction mixture which were then
analysed for hydrocarbons by g.l.c. (as in Part 2 above). Initial
protonolyses of the less reactive boranes gave erratic yields of
alkane, and did not allow the calculation of reproducible selectivity
factors, Clearly, repeated puncture of the rubber — cap on
the reaction flask had caused sufficient porosity of the seal to allow.
contamination of the J;eaction mixture from outside, and the possible
escape of volatile hydrocarbons, The slower reactions were therefore

repeated as sealed tube experiments, and analysed after a fixed time,

N
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The results of the selective protonolyses are given in Table 2.
The more rapid protonolysis of the t-butyl boranes was followed
by the periodic analysis of the reaction flask contents, and curves

plotted for the amounts of alkane produced (see figs, 6 and 7).

Results 1 and.Z‘ in Table IT show a small selectivity between
the breaking of primary ca.rbon to boron bonds, and seconéary
) -ca.rbon to boron bonds; in the disia:lmyl-‘-n'-_-‘alkylboranes; - Thus
for disiamylen~hexylborane the statistically corrected selectivity
is approximately 2.7 fold in favour of the breaking of the primary
;ca,rbén to boron bond, and a little larger in the case of disiainyl-_-né
octylborane, When the unsymmetrical secondary borane, disiamyl-
‘Z-fhé‘}-cylbor.ane (3), was ﬁi'otonolysed; the two alkanes Zr'rnethyl.g-
F Eutane; and n-hexane, were released slowly in a proportion very

close to the statistical ratio,

Results 4,5,6 and 7 show the selectivity of dealkylation of
trialkylboranes containing n-alkyl groups,. and one or two tertiary
alkyl groups. In all cases a very high selectivity was found in
favour of the breaking of the primary c;arbon to boron bond. The

relative rate factors are erratic because the amonnt of




Table II

Protonolysis of Unsmmetncal Trialkylboranes in Diglyme Solution {0.65 M, ), at 509,

Selectw:.ty of Dealky-lata.on

| ' b
Percentage Yield of Alkane

R, statisti«

Time R =
Branched | n-Alkyl] Total | - (hr,) | Straight chain cally
AlkylGroup| Group | Alkyl ‘ Branched chain Corrected
" | Group Dran
L.  Disiamylen«hexyl~ :
borane 18. 2 24.4 42.6 48,0 1.34 2.7
P, Disiamyle-nwoctyle . :
borane 23, 8 43,7 67.5 64.0 1,86 3.7
3. Disiamyl-Z«hexyle
borane 5.7 2,8 8.5 78.0 0.49 1.0
4, Thexyldi-n~hexyl- a
borane 1.1 73.5 74.6 43,0 >67 >34
5, Thexyldi-n~octyls ‘ .
 borane 0.4% 61.3 61,6 | 36,0 165 . 83
. t-Butyldien-hexyl. ' I
borane ¢0.1% 93:5 93.6 1.0 >100 $50
7. Dl-tubutylwn-hexyl-
- borane 20.1% 95,0 95.1 4,0 »100 >200
3. Thexyldi=2ehexylborang Could not be prepared by hydroboration, 4
(%]
1

b

% Sealed tube experiment

a Amount too small, relative to n-alkane, for accurate determination,

100% = removal of one alkyl group from boron,
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FIGURE 7 Production of n-Hexane During the Reaction of Propionic Acid with
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(Tob!e Vla.]. |
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2,3~dimethylbutane or isobutane released (0,05~ 0.2 mmole}
was too small to be related accurately by g.l.c. analysis to

the large yield of n-alkane. A selectivity factor could not
therefore be calculated with reasonable a.cc.uracy'. Fof the
boranes containing one tertiary carbon to boron bond, however,
the rela;tive ratio indicated a selectivity factor greater than 50
in fayour of the breaking of the primary carbon to boron bond.
For diftgbutylenfhexylbérane; containing two tertiary groups,
the selectivity may be a little smaller, but is greater than a 30
fold preference for the breaking of the primary carbon to boron

| bond.

An attempt was made fo prepare a trialkylborane containing
both tertiary and secondary carbon to boron bonds, in order to |
complete the series of different structures at the boron atom.

The prepar‘ation of a borane of this structure has not been reported

in the literature, however, and an attempt to prepare thexyldi=2=-

hexylborane (8) by the hydroboration method, failed,
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K, J, Murray protonolysed disiamyl-_-nfoctylbrclmrane and
dicyclohexyl-nwhexylborane in diglyme solution at 100°, using
a large exces_s-of pr0pioni¢ acid, 13 Whereas n:-bctane was
released from the former borane within 1 hr. ir; 100% yield,
no 2-methylbutane was detected. The latter bora-ne; however,
yielded a mixture of n-hexane and cyclohexane in a 6:5 ratio, a
very small selectivity. With disiamyl ~-n=octylborane, therefore,
the use of more vigorous conditions than in the present study
appeared to produce a higher selectivity, The apparatus used
by Murray was a three-necked flask equipped with a pressure
equalised funnel, rubber septum cap and a reflux condenser,
It seems very possible that if 2-methylbutane (b.p. = 30°) were
released during protonolysis, it would not be retained by such
an apparatus at 100°, whereas nwoctane (b.p. = 125,6°), n-hexane
(b.p. = 68.7°9), and cyclohexane (b,p. = 79°), would be, Ina
brief description of the selectivity of protonolysis of thexy'ldi-f-nf
alkylboranes the yields of n-alkanes produced are recorded, but

the fate of the 1,1,2«trimethylpropyl group is not described.
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In general; therefore, the present study shows that the

protonolysis of a secondary carbon to boron bond is a little
- slower than that of a primary carbon.bond; within the same borane.
The tertiary carbon to boron bond, however, was very resistant
to protonolysis under the conditions of this study, Thtle rapidity
and selectivity of the protonolysis of tgbutyldifhehexylborane;
-compared with that of disiamyl-n-hexylborane » shows that
selectivity is not necessarily a function of overall rate, In Part
2 above, a close connection was demonstrated between steric
hincirance of the borane and its rate of protonolysis, . The strong
steric hindrance of a t'é.l_kyl group at boron has been shown to

reduce the thermodynamic stability of the carbon to boron bond.26

On the basis of an overall steric effect therefore the tertiary
carbon to boron bond would be expected to Be broken more readily
than asecondary or primary bond, The resulf.s in Section Il below
(The Selective Oxidation of Unsymmetrical Trialkjrlboranes using
Aqueous Alkaline Hydrogen Peroxide) are in accord with the control
of selectivity b‘y an overall steric ef:feclt but the order of reactivities

is not the same as observed during the protonolyses. The smaller,
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more nucleophilic hydroperoxide anion gives a greater selectivity
of dealkylation (in favour of the removal of the branched alkyl
group) with disiamyl-nehexylborane than with thexyldien=

hexylborane,

Tofporcer and Dessy1 2

argued that co~ordination with the
carboxylic acid simultanebdsly polarised and weakenéd the C-B
bond, and increased the electrophilic character of the acid proton.
Extension of this:__ suggestion to the "unsyrnmetrical boranes suggests
that inductive donation to the .oc ~-carbon atom, as in a t-alkyl group,
toge ther with destabilisation of the C~B bond induced by the

negatively charged boron a.t’orn; might make this group more

unstable to protonolysis than a primary 2lkyl group.

A very close corrglatiori of the relative reactivities of the
tertiary, secondary and primary alkyl groups is found.however
with the Sn2 halide exchange reaction of the nepropyl=, isobutyl-,
and neopentyl-halides in acetone solution.:'z Here a small decrease
in rate was observed from the n~propyl- to the isobutyl~-groups,

but a very large decrease in rate for the neopentyl group.
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The halide exchange results were interpreted as showing that
whereas rotation of the C(«)-C(P) bond allows two methyl groups
to avold steric opposition with the approaching reé.gent; three
methyl groups carmot'aféid opposition by this méthod; The
reagent can no longer attack the appropriate carbon atom along

the preferred path, and consequently there is a low rate of reaction,

In the present study the propionyl group must approach close
to one of the carbon atoms next to boron, Further; the hydroxyl
group must attack the ¢ ~carbon atom from the same side as the
boron atom to satisfy the condition of retention of configuration at
the ol-carbon atom, 1 For a primary alkyl group therefore, the
acid hydr‘oxyl group must be placed close to, or between, the two
hydrogens marked with an asterisk in (c) beIOWCP.SL),With a .secondé,ry
alkyl group (d), approach of the -OH group is a little more difficult
as approach from one direction forces the -OH group close to a
methyl group@.?l.).The alternative orientation of approach is similar
to that for the primary alkyl grloup', however, whereas with the
tertiary alkyl g?oup both directions of approach are blocked.

This explanation has the advantage that whereas a consideration

of inductive eifects suggests that the l;Zrdimethylpropyl_; and
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hex-2-yl groups in disiamyl—z-he:;ylborane are not equivalent,
the steric requirements at the q(-ca-rbon atom ;a.re very‘si_milér
and wouldr be expected_ito -1e.'.§.d to the observed statistical |
dea.lkylation. The analogy is not c.ornplete ‘as. rotation of .the
C-B Eénds would tend t§ be quenched by the approach'of 1-:he
prop_idnyl group, and configurations similar t;o those sh.own :'Ln.

(¢) and (d) may be the most favourable,

Hex 50° Hex RS

—8 ——> SSB—Hex +  BS—8l
g" B\Hex , Diiprop?rtlonul‘l.on Heer” ¢ y 8\85

' 500 o . Hex V

Bi—8<
[semerisotion Hex
o ' ox
__L BE’____B<’-I + Hf.x H
i lHé”/ HOs -

BSOH + HexOH + B(OH),

Disproportionation and Isomerisation of the Unsymmetrical Boranes

under 'Protonolysis Conditions

‘During the reaction of propionic acid with disiamyl-n-
hexylborane in a preliminary éxPeriment, the release of some
2-methylbut~2-ene was observed, Likewise, some 2,3-dimgthy1~
but-2-ene was produced during the_: protoholysis of thexy-ldi—-f-n-hexyl-

borane, Such breaking of secondary and tertiary carbon to boron
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bonds suggested the pos sibility that some disProportioné,tion
or isomerisation of the trialkylborane might occur before the
reaction with propionic acid, causing any subsequent selectivity

in hydrocarbon production to be an artifact,

For the boranes containing a tertiary carbon to boron
bond any reaction of the borane_: which did not produce an alkane
should bé detected eé,sily,' as all the tertia.ry groups remained
bound to boron during the protonolysis at 50°. The reaction
mixfures after the protonolysis of the two twbutyl boranes (6 and
7) at 50°, were therefore neutralised and then treated with an

excess of alkaline hydrogen peroxide solution, t-Butanol was _
released in a yield corresponding to at least 88% of the t=butyl
group originally bound to boron, with each bora;xe: It is clear,
therefore, that no isomerisation of the butyl group had occurred

during protonolysis. 30

(c) (d)
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Disproportionation, as éug'gested by P, A, McCusker
et ?-_}_. , 17 is also unlikely to ha:v'é occurred as the two t=butyl
boranes prﬁténolySed' at different ré.tes; suggesting that the
species reacting‘wez;é not the same, Aiso;' disproportionation
of di-gt;-fbutyl-_-.x;-_-hexylborane would imply the formation of triwte
butylborane, although this borane has eluded all previous attempts
at its sjrn’l:hesisi.‘?’1 The product from these attempts;_ twbutyldi-
i.sobutylborane; did not arise here as iny tebutanol was obtained .

in the final alkaline oxidation'[_see ?—is. ¢ 83).

The préparation of thexyldi-;nfhexylborane requires the use
of 2 small excess of the 'two olefins, To obtain more information
on the behaviour of this borane under protonolysis conditions, two
safnpies éf the bo.ra'ne were prepared and each divided into two
equal parts. " Onme part of 'each of ti;xe prep'ai‘ations'wa.s treated
with propionic acid (3,0 moli) and then both of the flasks immersed
in a constant temperature bath, Figs, 8 and 9 show the amounts
of alkenes and alkanes present (ag-ainst time) in the mixtures at

259 and 50° with and without the presence of propionic acid.
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At 25° (Fig. 8) the protonolysis flask showed the production
of n-hexane and the release of-a small amount of 2, 3~dimethylbut=
2-ene, while the blé.nk flask showed little change dﬁring 154 hr,
At 50° (Fig. 9), however, thelblank flask released 5.2 mmole of
2,3-dimethylbut=2~ene and absorbed 2,6 mmole of hex~l j-{eﬁe
(taken up from the excess present after the preparation) within
105 hr, Under protonoiysisconditions} only 1.4 mmole of "
2,3~dimethylbut-2~ene was released, while no hex~l-ene was
absorbed, A very small amount of 2;3g:dimethy1bﬁtane was .

formed, together with 10,9 mmole of n~hexane,

- These nresults ~. may be explained by a thermal elimination
reaction, in diglyme solution, which favours the releé.se of
2,3-dimethylbut=2=ene as temperature increases, When no
propionic acid was presenﬁ; hex-l-ene was able to add to the
B-_-I—Ilbond formed to complete an elimination-_-addition_reac_tion;
In the preéence of propionic acid, the elimination reaction was
depressed, and no hex=lwene was removed from solution.
Propionic acid therefore competed successiully with hex-_l-'l =ene

for reaction with any B~H bond formed, The rate of production
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Table II1IA

Thexyldi-n-hexylborane (12.0 mmoles) in Diglyme Solution (0.65M.,)
Heated Alone at 50" for 39 hr. and then Protonolysed with

Propionic Acid (38.00 mmoles)

Time | Hydrocarbons Present (mmole) _ o
(hr) 2,3-dimethyl-| 2, 3-di- n~hexane| hex~l-ene
- ~ butane methyl- | -
but-2~ene
Preparation| 0.0 0.4 " 0.5 - 0.0 3.6
Sample aften - - _
heating = B9.0 0.5 2.7 0.1 3.0
Subsequent:
Protonoly- '
sis 3,k 0.5 2.7 1,7 2.9
Control pro- : ‘ _
tonolysis R7 3 0.4 0.9 1.7 4.2
.Table IIIB

The Reaction of Propionic Acid {40,50 mmoles) with Disiamyl-n~octyl-
borane (13.15 mmoles) in Diglyme Solution (0.65 M.) at 50°, with
Subsequent Removal of Low-boiling Hydrocarbons

Hydrocarbons Present (mmole) -
Z-methyl~ | Z-methyl~ | n-octane | oct-l-ene
- butane -|but-Z2-ene.
Before protonolysis 0.0 0.33 0.32 ' 2,54
After Protonolysis R : -
(66.0 hr.) ' 2,56 2.52 - 3.30 2,48
After evacuation:- : _ .
1) Vacuum trap 2.41 2.47 | - -
2) Reaction flask 0.0 0.0 - -
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h}l

Orqanoborane: $-87 mmotes
Propionic Acid: 10-b mmoles
2,3-dimethylbutane (o)

1$0

100

Timn '(hr.) ‘

<o

hylbut-2-ene lnj

hex-i~ ene {8} 3

r sracms
} v
2 3-dimet

5 N P B . WY X ﬁ\ a

S 3 : °
hydrocarbo;s_ _Prg:gatTmmoles) 2 o '

FIGURE 8. Hydrocarbons Present During the Heating of Thexyldi-n-hexylborane in

Diglyme Solution ( O-65M) at 25°a) Alone, and b) with Propionic Atid{ Table Xt(f)
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)

b)
a)

b)
a)
4_6'_
. 1,3~dimethylbutane

n-hexane, b)
60

I o
o

140

F

120

40 b0 Time (hrJ

20

| A = hex-l-ene

b

ol 0 = 2,3~dimethylbut-2—ene

— o %
2 o
hydrocarbons present {mmoles)

wf
b0
°

FIGURE 9. Hydrocarbons Present During the Heating of Samples of Thexyldi—

~n~-hexylborane {5:96mmoles) in Diglyme Solution (0-65M) at 50° o) Alone,and

b) with Propionic Acid { 206 mmoles) Table XIV).
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of n-hexane was much greater than that of 2,3~dimethylbut=2«ene
and it follows that protonolysis of the dignfheﬁcyl boron propionate
(formed by the elimination~addition reaction} was not responsible

for the main yield of n-hexane,

“A further sample of thexyldi~-n-hexylborane was divided into
two equal parts, and one part heated at 50° for 48 hr. before
protonolysis, The other part was protonolysed at 509, as a control
experiment, The results are shown in Table IIIA, The sample of
Bo'rane heated in diglyme before protonolysis 1-e.1eased the more
alkylated olefin during the period of heating, and absorbed a
corresponding quantity of he:scu'l-fene:. The subsequent protonolysis
of this sample produced n-hexane rapidly on subsequent protonolysis,
in comparison with the control experiment. Cléé.rly the borane
responsible for the rapid production of nwhexane was now trisnw-

hexylborane,

It is interesting that the eliminttion reacti:on produced: the
more thermodynamically stable olefin, 2,3~dimethylbut-2-ene,
rather than 2,3-dimethylbut-l-ene, The mild conditions of the

present study clearly did not allow migration of the boron~carbon
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bond to the terminal alkyl position, providing further evidence against
the importance of an isomerisation reaction, Neutralisation of the
reaction mixture, followed by oxidation with alkaline hydrogen

peroxide solution, yielded only 2,3-dimethylbutan=2-ol,

In summary thexyldi-n-hexylborane appears to unciergo the
following three reactions under the conditions of this study, rather

than an isomerisation reaction (Scheme 4).

) R 0,CEt
R—B EtCoA R—m” + RH

R : g

e . R
1) E].mma.hon Et C'oz,__B<R _I_ Hz + R’(_H)

L EtCO,H 4,
1 El.'miﬁahon ' Re—B /R' ;
2} Hoyx-l-ene . \R + REH)

R= nhexyl
R = ‘JI.Z'trlmetlmg(propg[
In the case of the disiamylen~-alkylboranes, an experiment was

carried out to ensure that the appearance of 2-methylbut-2~ene was
not due to any pyrolysis induced under gas chromatography conditions.
After analysis of the products of the 66 hr, protonolysis of disiamylen=

octylborane, the flask was cooled to 0°, and evacuated at 0,5 mm,
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Hydrocarbons volatile under these conditions were retained in a
trap cooled by liquid nitrogen. The contents of the trap were
found to be Z~methylbutane, and 2emethylbut-2=ene in substantially
the same amounts as hadl been present during the original‘analysis
(Table IIIB), G.l.c. analysis of the reaction flask showed no low
bbiling -h*fdrocarbon fraction, Clearly, therefore, the chromato-}
graphy conditions were nbt responsible for the production of

Zﬁm ethylbutf-Z-gene -

Evaluafion of any isomerisation or disproportionation which
might have occurred could not be carried out by the same method as
for the tertiary alkyl boranes, 5ecause comparable amounts of each
grou?.were removed from the borane. It was not possible to decide
whether 2-methylbutane arose frém the protonolysis of the
1,2=dimethylpropyl group, or from its isomer, the 3=methylbutyl

group.

Three experiments were carried out in order to assess the
extent of disproportionation of disiamyl~n~hexylborane at the
temperature of the selective protonolyses, A sample of the borane

was prepared and analysed for excess hydrocarbons, and from this
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were calculated the a.mounfs of frisiamylborane', and of tri~-n~
hexflborane ‘which would result frém the completé disproéortioﬁation
of the original sample of disiamylt-nrhexylborane; Quantities of
two symmetrica;l boranes corresponding to a complete
diSproportionatiﬂon of the sample were thén prepared separately

in diglyi’ne solutions of the appropriate concentrations,

The sample of disiamyl-n-hexylborane was heated at 50° for
48 hr., cooled to ice {:emperature, and rewanalysed for hydrocarbons
(Table IV), | The unsymmetrical borane was then treated xﬁth
propionic acid (3.0 mol.). = The éa.me quantit‘y. of propionic acid
was also added to each of the two symmetrical boranes, and then
all three reaction mixtures were hel& atr 50° for 3.0 hr, before
re-_ianalyéis for hydrocarbons present, In the case of trisiamylborane,
the amount of Zy.rnethylbutane produced was too small for accurate
measurement, and so the protonolysis at 50° was continued for 48
hr. in order to obtain a more measurable amount, The protonolysis

of the sample of disiamyle-n~hexylborane was also continued, but

for 18.6 hr.
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T ABLE IV
Protonolysis of Disiamyl-n-hexylborane (0.65 M.), Tri-n~

“hexylborane (0.22 M.}, and Trisiamylborane {0.44 M.} in
Diglyme Solution at 50°, Investigation of Possible Disproportionation,

Hydrocarbons Present (mmole)

- [2~methylw | Zemethyle | nehexane | hex-lwene
butane but~2~ene

Disiamylenehexyle
porane (12,30 mmoles) :
Before heating 0.0 0.0 0.0 4.1
After heating at 500 | : ,
for 48 hr. 0.0 3.3 0.0 0.8
Protonolysis for
3.0 hr. at 50° 1 0.
18.6 hr. at 50° 1
Trisiamylborane
(12,40 mmoles)
Before protonolysis 0,0 2.7
After protonolysis
for 48 hr.
a) Sealed tube
b) reaction flask
Trie-n-hexylborane
(4.15 mmoles) - X
Before protonolysis 0.0 0.0
After protonolysis _
for 3,18 hr, at 50° 5.8 0.0

w W
. e -
w W
W -
- »

-1 O

[S RN

[ B ]
" s
W W
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The results in Table IV indicate that different species are
being protonolysea in thé threé reaction flasks. As expected;‘
the Sample of tri-'-n-g;hexylborane was -d-ealkyiated'rapidl—y-,' and to
a stage beyond the removal of one equivalent_' of n-he:;yl grbupr . |
while the trisiamylboré.ne suffered ve:f;'y little attack during tﬁree
hours. - A far longer period of protonolysis (48 hr.) was unable
to release the amount of 2emethylbutane obtained from the
protonolysis of disiamylenq-hexylborane: The initial period of
protonolysis of the unsymmetrical borane produced a surprisingly
large , althc;ugh selective, amount of the two sétﬁrﬁfed hydrocafbons;

but the subsequent period of reaction proceeded more slowly.

- Clearly, therefore, although the unsymmetrical borane was -
protoncslyfsed mor;e rapidly', at first than was normal for disiamylene=
hexylborane, fhe res‘ults are not consistent with any disproportionation
of the borane, as a; considerable amount of Z~methylbutane was
produced, Inspection of the amounts of olefin present after the
prelimir;a.ry period of ﬁéating of the sample of ‘disia.myl-'-n-_-he:{ylborane
shows that 3.3 mmoles of 2emethylbut-2«cne h$ad been displaced from
the borane by hex-lwene, The behaviour ofthexyldi-n~hexylborane in

diglyme solution, at 500, is therefore followed also by the secondary
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5orane. The rapid initial rate of protonoiysis may then be due
to the presence of a small amount of siamyldi~-n~hexylborane
(3.3 mmoles, approximately}, which also shows some selectivity
in the breaking of carbon to boron bonds in favour of the primary

carbon bond, Inspection of Table IIIA shows that although depressed

by the preéence of propionic acid, the elimination reaction releasing

2-methylbutw-2-ene still occurs, but is not accompanied by absorption
of oct=l=ene (hex=lwene), Overall behaviour is therefore similaf to
that of the .thexyldiuj-hg-'alkylboranes in the presence of propionic acid,
The behaviour of a disiamyl-n-alkylborane under the conditions of
this study may therefore be summarised by the series of reactions

inn Scheme 5,

R '
g Dispraportionalion \ : R
' B—R ¥ > B— —— /
2 50° ot R4 =B R
1) Elimination H
2) Hax-l-ene - . Y
£) Elimination : . 5
g 8—R + . Hy 4+ R
s0°  Etcay” : )
K
50°
R
—B—R + RH
EtCOa ‘R = n—hﬂlﬂjl

R = 1,2- dimethylpropy]
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A survey was made of the behaviour of a series of trialkyls
boranes when heated in diglyme solution‘at 50°, in the presence
of oxygen-free water. Results in Table V show that tri-n~hexyle
borane was almost u.naffecte.d by the presence of water during 48 hr,
Tri-.-Z-_-hexylb.orane also yielded only a small amount of hex~2«~ene in
48 hr., although a further period of heating in the presence of
propionic acid produced a la.rger. amount (3.9 mmole) of hex-2-ene,
Trisiamirlb;:)rane did not eliminate 2-methylbut-2«ene to a significant
‘extent, DBoth of the unsymmetrical trialkylboranes, disiamylene
hexylborane and thexyldien~hexylborane eliminated signifiéant
amounts of olefin, particularly in the case of the secondary borane,
The latter result was consistent with a :;elationship between steric
compression between the alkyl groups bound to boron, and ease of
the elimination reaction, This is not so in the case of the very
hindered borane, trisiamylborane, however, which showed little

tendency to elimination,

An explanation of this anomalous case may lie in the nature of
the elimination reaction., If the elimination reaction is the reverse
of the hydroboration reaction, then the hydrogen atom involved in

the incipient B~H bond formation,must become hydridic in order
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to attack the boron atom. The presence of secondary or tertiary
alkyl subsfituents would tend to place inductive charge at the boron
atom, making hydfidic attack less favourable, Thus, in the case
of disiamyl-_-nfhexylborane; the steric compression of the alkyl
groups encouraging elimination is countered iay the inductive effect
of a 1, 2-dimethylpropyl group, and a n~hexyl group, whereas with
trisiamylborane, the compression is countered by the large‘r

inductive effect of the two 1,2~dimethylpropyl groups.

In general, a higher selectivity was observed between the

breaking of tertiary~ and primary-carbon to boron bonds than
between secondary~ and primary-carbon to boron bonds. It was
possible to remove the n-hexyl group almost to the exclusion of the
t-butyl, or 1,1,2-trimethylpropyl group, The protonolysis
reaction ‘should; therefore, offer a route to the synthesis of the
acyl derivatives of unsymmetrical borinic acids, a class of
compounds which has not been available previously, A useful
selectivify was not found between the breaking of secondary and

primary carbon to boron bonds,



TABLE V

The Reaction between Water (25,0 mmoles) and Representatwe Trialkylboranes in D1g1yme

‘Solution {(0.65 M,) during 48 hr. at 500

T

Hydrocarbons Present (mmole)

n-hexane

hex-lwene

hex«Z~ene

-butane

2emethyle

Zwmethyl-
but=2=ene

2, 3udie
methyle
but«2 -_-- _

24 3wdiw
methylq
butane

Tri-n~hexylborane

(12,5 mmoles)
After prepavation
After heating
Tri-2-hexylborane

(12,5 mmoles)

After preparation
After heating
Protonolysis 46,0 hr,
Trisiamylborane

(12,5 mmoles)

After preparation

After heating
Disiamyl-n-hexylborane

(11,3 mmoles)

After preparation

After heating 96,9 hr,
Thexyldi-n-hexylborane

(12.0 mmoles)
After preparation
After heating

N =)
e
O W w

O oo
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SECTION III

THE SELECTIVE OXIDATION OF UNSYMMETRICAL
TRIALKYLBORANES USING ALKALINE HYDROGEN PEROXIDE
SOLUTION
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Introduction

The cleavage of trialkylboranes by basic. solutions of aqueous
- hydrogen peroxide was reported in 1938 by J, R, Johnson et EE; , 1
who observed a rapid quahtitative dealkylation of tri-n-butylborane
to n-butanol and boric acid, Subsequently, in 1952, R, Belcher
et a_,_1_. Zreported the reaction as an analytical technique for organos
boranes, Forcing conditions.were used, i.e, excess Hzoz; and

concentrated NaOH, under reflux, Winternitz and Carrotti3 used

substantially similar conditions to oxidise boron heterocycles.

During development of the Hydroboration technique, HiCh\
Brown (1956), who at first used the vigorous oxidation cond:i.ti.onsf}’;5
found that mild conditions (0°C, and aqueous reagents (3N,NaOH,
- and 30% w/v H,0;)) allowed vigorous and quantitative reaction. 6,8
He 1a1:e-r (1 96'0)7 quoted still unpublished work where it was to be
shovwn that the oxidation was most efficient in diglyme and TSHUEF
solutions and less so in diethyl ether. The reaction in ether was
improved by the addition 6f ethanol (giving up to 95% yields) and it

was concluded that immiscibility of the reagents was the reason for

the previous disappointing results.
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Brown compared his results with those of H, G, Kuivila and

his c:o-_-iw'oric'ker59".'712 who este;.blished that phenylboronic acid was -
-oxidised by.hyd-rogen béfo;ﬁide_ under basic conditions by the
mechanism outlined in the reaction schemes shown in Fig. I (see
' biscussion); Rate functioﬁé were cé.lcula.fed which were (a) first
ordér; and (b) second‘ drdef; in boronic é.cid concentration, He
suggésted that an idenﬁicél méchaniém, 1n three separate stages,
might b.e‘ ap.plicz.s.ble to trialkylboranes. - A,G, Davies et a;l_; 13
have pI;OVided éupplerﬁentafy evidence from 180 labelling experimenfs.
When PhB(lSOH)é Wé.é oxid.ised by isotc;pically normal H»03 in
HZISO; only normal PhOH was produced, showing that it‘derives
its oxygen only from the pardxide group: T, G, Traylor ifi":’"_l;
carrnied out the complementary study using a series of alkylboronic
acids, 19; Here, however, the rate function second order i_n boronic
acid concentration was-absent., The rate of oxidation was found to
depend on the structure of the alkyl group., The oxidation was |
fastest with t-butylboronic acid, and became slower as the branching

of the substituent decreased, The experimental order was t-Butyl>

but=2-ylyn=butyly methyl,
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The only information available on the H,0, oxidation of mixed
organoboranes is the neutral H,Op oxidation of t=butyldi~isobutyl=~
borane reported by Davies et al. 14 fere H,02(100%, 1 rﬁol;)
 was added slowly in ether solution, to.the organobora;ne; also in
ether solution, and stirred for 3 hr. at 0°, The products were
subjected to molecular distillation at room temperature yielding a
volatile fraction containing only t-butanol and ether; the boron
cbntaining_products did not distil and contained only isobutyl groups.
Undef neutral conditions therefore alkyl groups with a tertiary
carbon atom bound to boron are removed far more easily by HZOZ
than groups bound via.a primary carbon atom, The estimation of
alcohols in Davies® work'was by gas-liquid:chromatography (g.l.c.).

Alcohols produced from oxidations by Brown¥=7

were estimated by
g.l,¢c. and also by fractional distillation (especially in his earlier
work). P, A, McCusker et al, 15,16 5ed fractional distillation

for separation and estimation of the alcohols produced during their

earlier work, and g.l.c, during their later work, 17

The stepwise dealkylation of a series of representative mixed

boranes was therefore undertaken using small aliquots of alkaline
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Hp02, in order to find out whether selectivity of oxidatioh can
be found between primary and secondafy and between primary
‘and terti_afy alkyl groups'. -Studies with neutral ﬁzoz indic.ate.
th at with the trialkylboranes oxidised in this work, a different
reaction from that noted by Davies occurs (See Section IV,
below ;s The Reaction of Neutral Aqueous Hydrogen Peroxide
with Symmetrical and Unsymmetrical Trialkylboranes). It
was hoped that the alkaline reage;.rxt added under mild c';onditions
-would give a minimum of side reactions, a.nd possibly indicate

a route to unsymmetrical borinic acid derivatives,




A representative series of unsymmetrical organoboranes
‘was pr‘épared c'ontaiﬁing (a) two secondary carbon atoms and
" one primary carbon atom Bouna: to boron, |
i) Disiarhylgn._.hexylborané' . |

i) Disiamylen~octylborane

(b) one tertiary carbon atom, and two primary:
~carbon atoms )

1ii) Thexyldien-—=hexylborane

iv) Thexyldi-neoctylborane

v) t-Butyldi-n=hexylborane

(c) two tertiary carbon atoms, and one primary
carbon atom

Results and Discussion - = ' o ’ .
vi) Di=t-butyl=n«hexylborane
|

Mixed organoboranes containing tertiary and secondary carbon
atoms bound to boron have not been isolated free of disproportionation

products, and so were not studied.
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if a émali difference only in the rate of oxidation is

displayed between primary, secondary, and tertiary alkyl
groups, then the relative raté of removal of two different

groups may be expected to change progressiﬁely during aﬁ
~oxidation as the amount of the more readily oxidised group
present decreases compared with the more stable group.

The organoboranes oxidised were therefore treated with
successive small aliquots of the oxidising agent, and analysed

by g.l.c. for alcohol released after each addition, In this

way it was hoped to observe confinuously any change in selectivity.
Preliminary experiments showed that the oxidation was very fast,
allowing analysis to be made within ten minutes of the addition of
an. aliquot of oxidising agent, Concentration of the organoboranes
in 'T"."Hf.' By 'solutién was appr.oximately 0.5 M. Disiamyl-n-
hexylborane énd'the.xyldi_-h-‘-h'exylborane were oxidised also in
0.25 M solution to test for any dependepce of selectivity on
concentration. ‘Diglyme was used as solvent for the t-butyl
boranes owing to the difﬁc;qlty of g.l.c. estimation of tp‘.-"bt‘lta.nol

in the presence of T,HLF, A sarhple of thexyldieh:-_-_hexylborane

was also oxidised in diglyme solution to ensure compatibility of




109

the results, The oxidising agent was added below the surface

o.f. the vilgorously stifréd ‘re.action mixture in order‘ to minimise
1ocai coﬁcéntré,tion gradients, Which migﬁt alsé a:ffecf selectivity:
All c;:;:iéiati,o-ns were ca-rﬁaied out a..tl ice temperrature.‘. Gas‘..-‘-'liquid
ch.romatography.us.ing a polar colurﬁn; ei.t}.l'err of pdlypropyiene
glycoi on chromoso.rle; or polye"thy'l'ene.:' glycoi é.dipa.te on silocel
Wa.srﬂfound. to be suifable rfcir pefiodic analyéis- when an 8 in, forerun.
of diglycefol on Chrorﬁc);sor-b w v&}és emélo.-yed to fétain the oxidised

boron residues (See Appendix),

If no selectivity is dilsplay-ed the percentage of each of the two
different groups oxidised, and hence of the two a,lcohols_ liberated,
‘should be the same, A plot of percentage alcohol liberateci against
-amount of oxidant added should therefore be a S.t.raig]."lt line for each
'of the two alcoﬁols present, Curves showing the percentage of
alcohol produc ed  (b;sed_ on total of the individual alkyl -group bound
originally to boron}, were therefore plotted for the oxidation of

each of the six boranes examined (Figs. I~VIII).

The Table summarises the reaction conditions and the ratio of
the amounts of the two alcohols produced when (2) 33%, and (b) 66%
of the total amount of the sec-:-ondary (or tertiary) carbon to boron

bond present had been oxidised., In order to obtain an accurate




Organoborane Organoborane | Ratio of percentageg of No, of alkyl
oxidised Solvent | concentration RlouP to ROHS substituent s
(M.,) observed - .
A) After the |B) After th
production | production of C®) | C{R)
of 33% RIOH | 66% R1OH - |
Disiamyl-n-hexylborane T H,F, 0.26 4,71 2,36 2 2
Disjamyl-n-hexylborane T,H,F, 0.51 3,14 2.32 2 2
Disiamyl-n-octylborane T,H,F, 0,52 2,54 2,40 2 2
Thexyldi-n-hexylborane T.H,F, 0,26 1.65 1.50 2 1
Thexyldi-n-hexylborane T.H,F, 0.52 1.27 - 2 1
Thexyldi~-n-octylborane T.H.F., 0.51 1.25 - 2 1
Thexyldi-n-hexylborane Diglyme 0.26 1,94 1.61 2 1
t-Butyldi-n-hexylborane Diglyme 0,28 1,50 1.42 2 0
Diw~t-butyl-n=-hexylborane Diglyme 0.26 1.69 1.67 4 0

@ Percentages based on the total amount of each alkyl group bound originally to boron.’

b RlOH = zZ-methylbutan~3~ol, 2,3~dimethylbutan-2-ol, or t=butanol,

.¢ ROH = n=hexanol or n~octanol,

011
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assessment of sélectivity, the ratios shown in columns A and B
are expressed in téﬁms of the divergence from random o:«;idation
using the quotient obtained‘ from the percentage of the two alkyl
groups oxidised (as found from the percentage yield of the alcohols
p'roduced),,‘rather tilah directly from mmoles of alkyl group oxidised
(from rpmoles alcohols produced).. The table shows that concentr_ation
of the ;>rganobprane solution, and the choicelbetween diglyme and |
T.H,F, as solvent, have little effect on the selectivit;lr of dealkylation
under alkaline hydrogen peroxide oxidation conditions. Some
selectivity between tertiary and primary, and between secondary
and primary alkyl groups, is shown by each of the boranes examined;
although it is small in sbme cases, Surprisingly, the order of
reactiv';ty of the various alkyl groups examined is secondary »tertiary
> primary, in contrast to the progressive graﬁation of thermow
dynarr‘]ic stability of B~C bonds (primary > secondary > 1‘.er’t‘.:'La.ry)l5
as obtained from the tendency to de-~hydroboration (discussed in
Section II: Protonolysis, above), in the susceptibility to isomerisation
(ter£iary > secondary 3 primary) , 29 2na disproportionation (primary

y secondary » tertiary). 15,16
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Two possible effects may contribute to the selectivity
observed during alkaline hydrogen peroxide oxidation, the
first being the widely différent magnitude of the inductive effect
of the various alkyl groups and hence of the charge density at
the carbon atom adjacent.to boron, and the second being a
change in the stability to oxidation of the C~B bonds on formation
of the four-coordinate complex between the borane and the

12 made a systematic study of

hydroperoxide group. Kuivila
the effect of meta, and para substituents on the rates of reaction
between benzeneboronic acid, and hydrogen peroxide. He
established that the pH~dependent reaction consisted of two

components, one of which {kj) is first order, and the other (k)

is second order, in boronic acid concentration.

Cl)H e H
Ph—g-OHIHO, = H,0 +P-G—OH = H + Ph—B—OH kiloh—82-OH| + OF
OH OOH OOH 0®
) 1 maon
~
oH &
Php—OH + Ph—ff—‘-o“ Ky | Ph—E—OH
@ . OH |
H OH
P _,,_B?__ I H,O
k l OH —— Ph—O—B—OH — PAOH + BOH),
-9 1
Qe



Hammett curves (log (kq 3 + 3) vs. or) plotted from the

rate constants of the reactions of ten representative meta, and

para substituted benzeneboronic acids, had very small slopes

( f values), 0,071 for k; and 0.28 for kp, indicating little
dependen.ce of overall reaction rate on the electron density at

the carbon bonded to the boron atom. This result was explained

by the existence of counterbalancing electronic demaﬁds during

the slow steps of the reaction, Intermediate A increases in
concentrétion as the electron density at boron decreases (positivef),
but both the ionic cleévage'of the peroxide group, with hydroxide

ion leaving, and the subsequent migration of the aryl group to oxygen
should be favoured by high electron density (negative f ). Thus

the formation of A and its subsequent transformation to products
have essentially equal but opposite electronic demands. H,C.
BrownS suggested that this mechanism, presumably with similar
electronic features, may operate during the alkaline oxidation of
trialkylboranes. The smali selectivities observed generally

during this study would be satisfactorily explained on the basis of

such an argument, but the anomalously high selectivity found with

the disiamyl-n-alkylboranes is incompatible,




- AVG, Daviesi¥, using neutral hydrogen peroxide in the

oxidation of t-_-butyldi ~isobutylborane, found that oﬁly the t-;bf.ttyl

group was attacked when one mole of hydrogen peroxide was. added,

giving t-butanol but no isobutanol. .The specificity was explained
in terms of the known mobilities of different alkyl groups in the
Baeyer;Villiger oxidation. Under BaeyerVilliger oxidation

21
conditions, . te~alkyl groups are more mobile than secondary and

primary groups. When neutral hydrogen peroxide was allowed to

react with the boranes examined in this study, however, a different

group of products was obtained (see Section IV: The Reaction of
Neutral Hydzro gén Peroxide Soiution with Symmetrical and
Unsymmetrical Trialkylboranes). Daviés‘ work suggests that

the most reactive group should be the tmalkyl group., On this baéis
di-gl1:-7-butyl-ng-hexylborane followed by tf-butyldien-hexylborane and
the thexyldi-n-alkylboranes should show greater selectivity than

the disiamylen=alkylboranes. Again this was not found to be the

case., Clearly the factors controlling oxidation under the conditions

of this study must be different.




Columns C and D of the table contain an analysis of the

number of alkyl subétitueﬁts at the 0(, and P carbon atoms to
boron, in excess of those.prese'nt in 2 long chain tri-:—hf-’alkylé ,
borane'.. The numberiolf alkyl sgbstitﬁen’cs at the P--fcarbc:;n
atc;m can Se seen in general to cérrespond t.o the degree_of
selectivity shown during the é.ikaline oxiciation. . Itis p;obable
therefore thﬁt the migratory aptitudéé dpe;afing inlDa.waries_r work
are not imporfanf here, ' In that studfthe t-~butyl group appears
to migrate from boron to oxygen in accordar?ce withrthe high-er
iﬁductive charge at the oL ~carbon atom to boron in comparison
with the isobutyl group. -Cle‘arly the l:;r.a.nching.‘r at the B ~-carbon
atom makes a smaller éontribution to the inductive charge at the

o ~carbon atom, than branching at the o -carbon atom. In

addition, the species attacking the boron atom in the present study

is unlikely to be the un~ionised species operating in Davies! work.

In the pr‘esenc'e of base the attacking species is more likely to be

the much more nucleophilic hydroperoxide anion, as judged by the

relative speeds of oxidation in the two studies, Thus the migratory

aptitudes obseryed by Davies are outweighed by the more active,

less specific reagent as used in the present study.
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Thus the selectivity of dealkylation by the hydroperoxide
anion is probably controlled by different factors from those
operating in the protonolysis reaction (Section II, above),

This di.fference'.is. satisfactorily explained by the nature of

the two reagents, -Whereas the iarge bidentate carboxylic

acid group can attack a stericaﬂy hindered borane only with

difficuli;.y, the srnallér hydroperoxide ion readily .éttacks even

2 hindered boron atorn‘and selectivit'y of the subsequent
dealkylation reaction must depend on the relative mobilities

of the alkyl groups bound to boron. In the protonolysis reaction
therefore the carboxyl group, once co~ordinated to boron, attacks

‘the o ~carbon atom which presents the least steric opposiﬁon

to approé.ch of fhe hydroxyl‘groilp. The decreasing order of
rreactivi.ty of alkyl groups is therefore primary »secondary
>Vtertiary', -and B-alkyl branching of each alkyl group has little '
effect on the observed selectivity. . With the easy attack on boron
of th_e hydroperoxide anion , substitution of the « ~carbon atom is

less important than the overall steric properties of the borane.
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Inspection of Dreiding molecular models suggests that the
overall steric requirements of the thexyl gréup are similar to
those of the siamyl group, and cach sweeps out an approximately

“hemispherical volume about the boron atom if free rotation of
the B-C, C(ee)-C{p), and C({p)~C(¥) bonds is allowed. By
comparison the t=butyl groups are less sterically demanding,

. rotation of the C(o()-f-C(p)_bonds 1eading to little increased steric
compression between the alkyl groups at boron. Thus the lmost
sterically hindered boranes, on the basis of bulk steric factors,
are the disiamyl~n-alkylboranes, which have a steric requirement
which is approximately twice as large as that of the thexyldi-nw

alkylboranes.

The relatiVe stability to oxidation §£ the siamjrl (or thexyl)
and n-alkyl groups may then be related to the i‘elief of the bulk
steric hindrance on removal of é siamyl (or thexyl} group coﬁpared
with a n-alkyl group, Thus the apparent inconsisteﬁcy of ﬁhe
results from the disiamyl—nfalkylf)oranes is accounted for by the
great reduction in the steric compression betﬁeen the alkyl groups

at boron following the removal of a siamyl group. The alkyl-alkyl
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repulsions are correspondingly smaller with a thexyldi-n~
alkylborane, and a t~butyl borane, and a selectivity closer to

the statistical dealkylation is accordingly observed,

In the present study the two specificity ratios tabulated show
a change in magnituée from the 33% reaction point to the 66%
reaction point where oxidation of a' second equivalent of Cfa:l?;
bond is substantially complete. On the basis of the arguments
above it is reasonable to expect that the specificity in the latter
case will be altered as a different boron species is being oxidiséd.
As there is no evidence from the curves of products obtained
(Figs. I~VIII), that the rates of the second dealkyiatioﬁ of a given
boron atom is very much slower than the first (unlike the neutral
hydrogen peroxide oxidation of tébutyldigisobu.tylbora.ne14); it
must be supposed that the second reaction becomes an increasingly

important factor in the observed selectivity as the reaction progresses.

Alkaline hydrogen peroxide oxidation can therefore have only
limited use for the preparation of borinic acids and their derivatives
from trialkylboranes, except in the case of the disiamyl-n~alkyl
boranes wherer reasonable yields of an unsymmetrical borinic acid

might be achieved,
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The order of stability to oxidation of the boron to carbon
bonds (primary > secondaryytertiary) as predicted by Traylor, 19
was not therefore observed. This prediction was based on the
assumption that only electronic factors were operative, The
present results suggest that with the organoboranes studied here,
steric factors assume a dominant role in deciding the order of

stability to oxidation.
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see Discussion.
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Hydrogen Peroxide Oxidation of Disiamyl-n-octylborane (13-/Immoles)in TH.F Solution
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see Discussion
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SECTION 1V

THE REACTION OF NEUTRAL AQUEOUS HYDROGEN PEROXIDE

WITH REPRESENTATIVE TRIALKYLBORANES, A NEW REACTION.
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1.) Introduction

During an oxidation of triwnwhexylborane, when aqueous
solutions of sodium hydroxide, and hydrogen peroxide were
added frbrn two tap-funnels to a stirred T,H,F, solution. of
the organoborane, the sodium hfdroxide solution failed to flow
from the funnel, Reflux occurred, however, showing that
reaction had taken place, Analysis of the oxidation products
indicated the pre sence of nedodecane, rather than n-hexanol,
Further experiments when aqueous hydrogen peroxide was
added to a carbon tetrachloride solution of {ri=n~hexylborane,
produced lechlorchexane, in a similar yield to that of nwdodecane

from the oxidation in T,H,F, solution.

A search was made of the literature, but only a single isolated
instance of this reaction could be found, The report was by Davies
Theée authors treated t=butyldiwisobutylborane with
96% hydrogen.peroxide (1.0 mol,) and obtained only an alcohol, |
Da;ries also oxidised the borane with molecular oxygen in carbon

tetrachloride solution. The products were analysed by proton




|
\
\
magnetic resonance spectroscopy and identified as t-butyl-
chloride, and isobutylborinic acid, 1 some phOSgeﬁe' was
detected, also, If the 1echlorohéxaﬁe wasg produced by an
autoxidation mechanism, then the oxidation using aqueous
hydrogen peroxide might provide a convenient, and possibly
selective in the case of an unsymmetrical trialkylborane, route
to the preparation of alkyl chlorides by thé dealkylation of an

\

organoborane., Accordingly it was decilded'to‘ investigate the

scope of this reaction,

Considerable interest has been shown in the mechanism of

1
autoxidation of trialkylboranes; principally because of the ' ‘
commercial use of these compounds as initiators in the polymérisation
of olefins.2 Earlier reports referred to the decomposition of a
trialkylborane which leads to the production of free radicals which

3,4

were able to start a chain polymerisation; Mozre careful work

demonstrated thaf ©.: oxygen must be pres'eﬁt in addition to the
borane,>"? It was shown that oxidation of the trialkylborane led

undergo a homolytic alkyl-oxygen, or alkoxy=oxygen, bond fission
I
|

to the production of organoperoxyboranes which were thought to



to produce free radicals;‘?fll,zz

Several kinetic studies
have since been made of the polymerisation of olefins, using

organcborane/air mixtures as i_nitiator,'g’ 12-14

Davies and cowworkers have studied the. air-oxidation of

. o .1,15«18
trialkylboranes in the absence of readilylpolymerised materials,

19

Zutty and Welch supplied experim'ental evidencé since contested
by Daviesl;gathat a long lived complex was formed between the

. trialkylborane and oxygen, and subsequently rearranged slowly

to give the peroxide; RZB-O'.':OR'. The rearrangement was later
found to be fast at temperatures as low as ;1960.20 Bawn and
cow=workers supplied evidence that the presence‘ of bofh the trialkyl=
borane and its peroxide', was necessary to initiate polyme risation, 21
Mirviss conducted a kinetic.study of the air oxidation of tri-nw
butylborane; in various solvents, and was the first v»‘rorker to report
hydrocarbons é.mong‘the reaction products;z2 A further kinetic
study, by Hansen and Hamann, emphasised the necessity for the
presence of.both borane and peroxide to give free radicals, 23

They also confirmed the actual production of alkyl radicals in

experiments using radical trapping agents, and suggested that a



134

redox reaction between the organoboron peroxide, and a boron=-
“carbon bondé led to the production of free ra.dicals;. The
solubility of oxygen in héxane and benzene, the SOIVeﬁts used,
limited the rate of the extremely fast oxidation of triethylborane
during their work. Radicals were not produced in each reductive
act, an the evidence of the yields of trapped radicals, Davies,
and his co=workers, have made a study of the chemistry of
orga.ndboron peroxides and hawve proviaed strong evidence that an
intramolecular redox rearrangement leading to the disappea.r'ance
of the peroxide group is an important reaction of the organoboron
peroxides studied, 1,17,18 A recent comprehensive revievﬁr by

Davies describes the chemistry of organoperoxyboranes,

A previous study bﬁ- H,C, Brown has investigated the scope of
the reaction of trialkylboranes with the noble metal oxides to
produce dimeric hydrOCarbons'.44;45’463' The coupling reaction
of the boré.ne obtained by the hydroboration of hex=l~ene, using
aqueous silver nitrate in the presence of excess sod'iufn hydroxide, ‘
led to a 66% yield of n-dodecane, together with 5% of 5-methylundecane,

and a mixture of hex~lwene, and n-hexane, A nonwterminal olefin,
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such as Z:ei'riethylbutfz-g'ene,' formed a smaller yield of the
éoupled hydrocarbon, usually in the range 35-50%. The

yield of monomeric hydrocarbons incréase_d accc;rdingly;

H,C, Brown, in a.'side reference, recorded that the presence

of carbon tetrachloride led to the producfi()n of an-alkyl] chloride,
and hexachloroethane.46b_ The i-eactioxj. was ;:oncluded-from this
evidence to be a free radical process, - Sha;reﬂ:in and Banks
found that 30440% of an alkyl chloride was obtained when a basic
solution of the t:r.:ialkylborane was treated with a dialkyl-MNe
chloroamine:24 The yields of alkyl chlorides obtained from an
organochorane formed by the hydroboration of a symmetrically
“disubstituted olefin, or a terminal olefin, were similar, The

need for basic catalysis was interpreted as evidence against a

free radical mechanism.

Mirviss found that the antoxidation of a trialkylborane yields
a large number -.of none«boron contain.ing products in small yields,'.
in addition to the organoperoxyborane,?2 An essential difference
with the preéent study was that here only a few hydrocarbon.

products could be detected, and in substantial yield, together with

some alcohol, It was of interest, therefore, to explore the reaction
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and find out whether agueous hydrogen peroﬁde behaved
similarly to oxygen under these conditions., The reaction
might also provide, in addition to the possible synthesis of
alkyl chlorides mentioned above, a general route to coupled

hydrocarbons,

A series of experimenfs was therefore undertaken to study
the reaction of tri_f-n-_-hexgrlborane with aqueoué hydrogen peroxide | \
by varying the solvent, the concentration of the reaggnts; and
their proportions. The yields of products obtained were measured
using gas-liquid chromatograﬁ?hy. In order to assess the scope
and possible selectivity of the reaction, both in T,H.F,, and
carbon tetrachloride solutions, a representative series of
symmetrical and unsymmetrical trialkylboranes was i:hen-oxidised
by aqueous hydrogen peroxide under experim entally determiﬁed

optimum conditions.



137

2. The Reaction of Neutral Aqueous Hydrogen Peroxide with

Tri-n-hexylborane

Results and Discussion

A prelimizia.ry experiment, when a sample of tri-n-hexyle
borane in ToH.F, solution (0.5 M.) at ice temperature, was
treated with a.queous hydrogen peros;ide; sﬁowed that n-hexane,
hex-:l ~ene, hexan=Zwol, and n~hexanol were produced ‘i.n addition
to the dimeric hydrocarbons n-dodecane, and 5-methy1undecane.
Reactmns were accordingly carried out at 00, in T H Fr solution
with varying amounts of 30% H0, solutlon; in order to establlsh
the amount of oxidising agent necessary to glvs the xﬁammum yield
of dimes:ic hydrocarbons (see Table I). Folr convemeﬁce only the
yields of the dodecanes ﬁroduced were estimated, The results in
'I‘abie I show that the reaction leadiﬁg to hydrocarbon fosmation is
complete within 3 hr. , and that the maximum yield is obtained by
the addition of one mole equivalent of hydrogen peroxide to the

borane,
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The Reaction of Tri=nwhexylborane, in T,H,F, Solution (0.52 M, )

at 0°, with Varying Amounts of Aqueous Hydrogen Peroxide {(30% w/v).

- Time | Percentage Yield of Hydro- Tri-n-hexyl| Hydrogen
(hr.) |[carbons.? ~borane Peroxide
n-dodecane | 5~methylun- (mmole) (mmole)
‘  decane
3 28,0 7.2 11,67 88.8
12 27 . 1 7.5 14,19 43,1
3 13,2 3.53 12.38 Te4
3 28 . 7 8.8 - 13,2

‘a

Percentage calculated from amount C~B bond initially present,




Table II

The Reaction of Aqueous Hydrogen Peroxide (30% w/v.) with Tri-n<hexylborane (0,52 M.} in
T H,Fy Solution, Subsequent Reaction of the Products with Excess Aqueous Alkaline Hydrogen Peroxide,

Time Percentage Yields of Oxidation Products?® ‘ Trisn~hexyle Hydrogen
(hz.) - : , , borane Peroxide
n-hexane hex«l= [n-Dode~ BuMethyl m~Hex- Hexanw= - {mmole,) (momole,)
ene | cane  }wundecane }anol 2uo0l |
0,1 - - 15.8 4,7 3.6 “ 13,12 13,58
1,5 23.8 7.2 5.2 |
3.2 27,2 8.1 5.6
3.6 26.4 8.0 5.3
8.3 | ' 25.0 7.6 5.2
24 6.5 0,1 27.0 8.1 5.4 - o
"900H 6.5 0,1 28,6 8.1 39,6 2.3 [ 25.0
1,5 27,4 8.3 8.8 0.75 12,67 26,4
3.0 27.3 7.6 10,9 0.81
4,0 27.2 8.2 10,5 0.79
18,0 10,3 3.0 26,4 8.2 12,2 0.95 o
® ooH 10,3 3.0 26.4 8.2 35.5 4,1 20,0
® OOH/1.0hx| 0,67 ¢0,1 3.52 1.1 84,5 5.61 13,32 43,0

6€1
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The reaction of tri-fn-;-hexylborane with one mole
équivalent of hydrogen peroxide was then repeate& at 0°, é.nd
followed against time fox the production both of n=~hexanol and

of isomeric dodecanes, The results are shown in Taﬁle_ 11,

The curves in Fig. 1 show that the prqduction of nwhexanol and

of the dodecanes was concurrent, After 24 hr, the reaction
mixture was analysed again, with an additional estiﬁation for
nwhexane, and hex~l -_'-'ené, and then oxidised c.:omplétely.:‘;ith an
excess of alkaline hydrogen peroﬁide solution in order to estimate
any residual carbon to boron bond, Cnly the yield of n-=hexanol
increased during the alkaline oxidation. The production of a
small amount (2.3%]) of hexan-;_:ze'ol waé also observed., The
increase ;ln né_-hexa.‘nol yield (34.2%) shows that one carbon to boron
(C-B) bond was unaffected by the ;wutra.l peroxidation. It follows
that the overall yield (47,6%) of n-hexanol, and of monomeric and
dimeric hydrocarbons, is d;erived from a neutral H,Op oxidation |

which breaks only two of the three available C-B bonds, A second

experiment, using an excess of H202, was carried out with periodic

estimation of the products during 18 hr. (Table II and Fig.. 2). As




expected, the yield of dimer was unchanged, but nehexanol was

obtained in increased yield; When excess aqueoué alkaline
hydrogen peroxide was added after .1.8 hr., to eétimate fhe

residual C~B bond, it §vas found thaf the increé.se in alcohol

yield was c'.nly 26;6%. The n-hexanol, and hexanezzgol, p;:;)duced
during the neutral o-xidation must, fhex;efoi;el;l be derivéd :_E”rom
oxidation of fh;a third C«B bond, ‘which previouély was-only‘.a.t':tacked
by thé alicaline oxidising agent. -As attack on the third C~B bond
is very slow, and ;c;ives né'additional dimer, it is pro‘bable that a
different reaction path is being followed (see later discuséi;on in
Part 3: The Reaction of Neutral Hydrége.xi.Pei-éxide Solutién with

Representative Organoboranes),
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H,C, Brown has reported that fhe vield of alcohols
from the alkaline hydrogen peroxide (excess) oxidation of
trimn-hexylborane at 0° is 89%.2° A similar oxidation was
‘carried out in order to chéck,that the synchronous addition of
the sodium hydroxide and hydrogen peroxide solutions;. from
alluglass syringes, as used in this study, was capable of giving
similar yields, An overall yield of 90,1% of hexanols was
obtained (Table II), together with a small'amount of isomeric
dodecanes (4.62%), Shc;wing that the oxidation occurs efficiently
‘under the experi;'nental conditions of this study, and that imperfect
mixing of the two aqueous reagents allows the neutral H202

reaction to proceed to a small extent,

In order to find oﬁt whether the products obfained were
formed by a pyrolysis reaction during gas chromatographic
analysis, a sample of trienshexylborane was treated with hydrogen
peroxide (1.0 mol.) at 0%,  After stirring for 3 hr. the reaction
mixture was estimated for monomeric and dimeric hydrocarbons;

and then evacuated {0°, 0.5 mm,)., Compounds volatile under

these conditions were collected in a cold trap at «80°, The trap
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was then warmed to ice temperature and the contents analysed
by g.luc. The trap contained T, H,F,, n-hexane, hex-l-ene,
and the internal standard,: 2,3-dimethylbutane (Table III), The °
amounts of ﬁfhexane;, and hexf‘lrfene , obtained were found to he
substantially the same as prev*louély present among the reaction
products. The nonvolatile component remaining in the reaction
flask contained.no n~hexane, hex~lwene, or 2,3~dimethylbutane.
Clearly, therefore, the monomeric hydrocarbons originally
produced were not formed in the gas chromatograph, and the
residue in the reaction flask was not able, by a pyrolysis during
chromatographic analysis, to produce any further low boiling

hydrocarbons;

A similar reaction (Table III) was carried out and the-
reaction mixture evacuated in the same way as above (0.5mm)
until a residue of approximately 10 ml, was left in the reaction
flask, The mother liqﬁors weré.then transferred under nitrégen;
in an allwglass syringe, to a small vacuum distillation apparatus .

with a receiver cooled at «80°, and distilled under nitrogen at

“high vacuum (0.1 mm,). The teinperature of the distillation flask




Table III

Evacuation of the Reaction Flask after the Oxidation of Tri-n-hexylborane using Aqueous

Hydrogen Peroxide

Yield of Products (mmoles) Tri-n-hexyl- | Hydrogen
5-meth-| n- Hexan-| borane Peroxide
n-hexane| hex-1-| n-do- |-ylun~ | hex-| 2-o0l (mmole) (mmole)
ene decane| decane | anol
Experiment 1
’Reaction mixture before _
evacuation 5.10 2,12 11,80 12,10
Reaction mixture after
evacuation 0.0 0.0
LVa‘a.c:t.w.rrz Trap 4,6 1.9
Experiment 2 :
Reaction mixture 4.4 1.5° {5.1 1.5 3.4 - 12,84 16,6
Non-volatile fraction after A
the distillation 0.0 0.0 0.2 0.0 5.9 0.3
Volatile Fraction obtained _
from the distillation 3.6 0.6 5,1 1.5 1.0 0
Oxidation of the Nonw-volatile
fraction with alkaline
hydrogen peroxide 0.0 0.0 0.18 (0.0 13.5 0.8 16,0

9%1
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Table IVA

The Reaction of Aqueous Hydrogén Peroxide (30% w/v.) with
Tri-n-hexylborane in T.H.F. Solution (0.5 M.) at Various

Temperatures
Tempe- Percentage Yield of Hydrocarbons® Tri-n- | Hydrogen|
rature hexyl- Peroxide
Oc  |n-hexd Hex-1-|n-Do- [5-Méthyl- |borane | (mmole)
ane ene |decane|undecane (mmole)

-20 10.0 5.2 24.3 5.2 12.97 36.0

0 11.9 2.5 28.0 7.2 11.66° | 35.0
25 11.8 {3.9 27.1 8.2 17.20 38.5
66 17.7 |2.8 29.4 9.2 11,26 29.4

4 Percentage calculated from the amount of C-B bond present
initially. '




was raised slowly from 0° to 50°, and held there until distillation

ceased, The apparatus was theiﬁ brought to atmospheric pressﬁre;
under nitrogen, and the.cooled rgce.ive.rs warmed to ice temperature,
The contents of the two cooled receivers were then combined and
analysed, The residue in the distillation flask contained both
n-pentanol (internal standard), and n-hexanol, but only 2 small
amount of n-dodecane, and no 5~-methylundecane, The presence

of boric acid residues in the df.stilla.tion flask may have caused the
drop in volatility of the alcohols through complex formation, or
esterification, thus allowing the normally higher boiling n-dodecane
to distil at a l.o.wer temperature than the alcohols (Table III). The
contents of the distillation flask were treated with excess alkaline
hydrogen peroxide solution at ‘00,' and re-analysed for n-hexanol
produced. .The yield of nehexanol increased by an amount
corresponding approximately to one equivalent of C=B bond,
neDodecane was therefore produced independently of the gas
chromatograph, and any pyrolysis which occurs in tile g.1l,c, must

also take place under reaction condttions below 50°.

Table IVA summarises the yields of hydrocarbons obtained

when a series of samples of tri-n~hexylborane , in TVHLFS solution
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at different temperatufes;_ ﬁras treated with agueous HZOZ: It
was concluded that the reaction shows 1i1;t1e, sensitivity to |
temperature over the range studied. . For convenience therefore,
ice temperature was chosen as the standard temperature for
further “}ork; the strongly exothermic reaction being more readily

controlled at 0°,

An earlier experiment (see Table II), where the presence
of an excess of hydrogen peroxide led to the slow cleavage of the
third C=B bond, producing n~hexanol, suggested the possible
importance of two different reaction mechanisms, Further
experiments were carried out to attempt to obtain confirmatory
evidence. The reaction of disiamylborinic acid with aqueous
hydrogen peroxide produced the corresponding monomeric and
dimeric hydrocarbons rapidly, and also a larger yield of the
alcohol than was observed for tri-n-hexylborane (within 0,17 hr.,)
as shown in Table IVB. Within 2,5 hr, the yield of 2=methylbutana
3wol had increased by a further 24,2% leaving only 10% of the alkyl

group originally bound to boron unaccounted for. The reaction of
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Table IVB

The Reaction of Aqueous Hydrogen Peroxide (30% w/v.) with
Thexylboronic Acid (0.5 M.) and Disiamylborinic Acid {0,5 M.) -
in T, H.,F, Solution at 25°,

t

H,O, RH | R(-H) |RR | ROH Time

Organoborane) (mmoles) {%° AR e o%he (hr,)

a . , ‘
RB(OH), 18.0 - - ~ | 59,5 0.2
(14,7 mmoles)| - - - -1 93.4 3.0

- <0,1 |<0,1 - | 95.5 5.0
R,BOH" 27,0 | 31.4 | 1.3 2.9| 27.5 0,17
(12,7 mmoles) 34,6 | 1.3 2,91 51,7 2,5

2 Thexylboronic acid
b Disiamylborinic acid

Percentages calculated frbn_n the total C-B bond initially present,




thexylboronic acid with one equivalent of aqueous hydrogen

peroxide produced 2,3-dimethylbutan~2~ol rapidly and sm oothly,
accounting for 95.5% of the alkyl group bound originally to boron,
within 5.0 hr. Hydrocarbons were produced only in trace

quantities.

The latter result is in accordance with the results of
T, GY Traylor-et «':'_..]._;48 who explained the reaction on the basis
of an ionic mechanism similar to that proposed previously for a

4 N .
related study by Kuivila 0,43 (see Scheme 1).

| R o o
° I ast ‘
R aoH), 224, HO-liO—QDH (Ho)poR 425 ROH + 8(OH), 1

. OH +OH°®
With disiamylborinic acid, the production of alcohol is
more important (relative to hydrocarbon formation) than with
trien-hexylborane where a 7:1 preference for hydr-ocarbon
formation is found (Table II), Alcohol production is slow in

comparison with hydrocarbon formation for both the alkyl boron

acids, however, and is more comparable to the later slow reaction

of tri~-n~hexylborane in the presence of an excess of agueous

hydrogen peroxide,



It seems very probable therefore that neutral hydrogen
peroxide solution can atfack an organoborane by two alternative
mechanisms: The slow alcohol producing reaction is favoured
by the‘ replacement of alkyl groups at boron by hydroxyl groups,
while the fast, hydrocarbon forming reaction is more important

for a trialkylborane.,

The production of hydrocarbons, and in particular the
relative proportions of the monomeric and dimeric compounds,
suggests a freegré.dical mechanism., The production of free |
n~hexyl radicals in solution would be e:ﬁpected to lead to the
formation of ﬁfdodecane; and 5-methylundecane through a radical
combination reaction between the n-hexyl and hex=2=yl radicals,
as in reaction (i) below. The yield of n~hexane and hex-~lmene
could be accounted for by a; radical disproportionation reaction (ii),

or by abstraction of a hydrogen atom (iii) from the solvent, reagent,

etc.
2R- —% RR - (i)
2R- —>RH + R(-H) (ii)
HX+R: —RH + X- : (iii)

(HX = H,0,H>0;, T H,F%, etc.)



The possibility of a free alkyl radical intermediate is

strengthened by consideration of the relative proportions of the

|
monomeric to dimeric hydrocarbons produced from tri-n-hexyl=
borane and disiamylborinic acid, With the former borane an
n-hexyl radical would be produced, and here a radical coupling ‘
reaction yielding ne_dodecane is favoured over a hydrogen ‘
-abstraction rearction by the low energy of activation, and consequently
high collisional efficiency, between fhe primary alkyl radicals, 20
For the secondary (1,2-dimethylpropyl) radical the energy of
activa.tioﬁ for the coupling reaction is higher owing to the difficulty
~of approach between the two secbnd;ry radicals aﬁd there:foré a

' hydrogen abstraction reaction with the solvent would be e;cpected
to compete moré .faVourably. I.n ger_leral the ratio of couplgd to
monomeric hydrocarbons is in agreement with that found by
Verbrugge in the free-radical coupling reaction induced under

39,45

alkaline conditions with silver nitrate,

Discussion is complicated by the production of n-hexane
by more than one possible route, n~Hexane may be produced

. from the disproportionation reaction (ii, above), but this should

be accompanied by an equimolar amount of hexwlwene, 26 Hexwlwene




was produced in smaller amounts than the nf-j-_hexane; however,
on all occasions, and so the disproportionation reaction cannot
be very important in this study. The excess of alkane may be
accounted for either by a small amount of disproportionation (ii)
of R , accompanied by a more important alternative reaction, |
such as hydrogen abstraction (iii) producing n~hexane but not
hex:{lﬁ’ene; or.possibly by reaction (ii) alone, but with subsequent
oxidation of some of the olefin by a further reaction with H30,.
It is possible, therefore, that the olefin yields recorded are

‘ . unreliable owing to instability under the reaction conditions;

‘ Before the importante of a free radical reaction was realised;

many experiments were invalidated owing to loss of the internal

standard, 2,3=-dimethylbutane, through its instability to free

radical attack., 37

Tables V and VI show the results obtained when the
peroxidation conditions were altered in order to attempt to demonstrate
the presence of alkyl radicals in solution., When one equivalent of
aqueous ilydrogen peroxide was added to a very dilute solution of
tri'-.-h_-.g-_hexylbora.ne (0.0625 M.), the yield of dodecanes decreased

(Table V) while the yield of n-hexane increased,
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In the much more dilute solution a combination reaction
between the alkyl radicals (R;) might be expected, on statistical
grounds, to decrease in importance compared with hydrogen
, abstractién from the solvent, where the probability of a successful
reaction is increased, = The small change in yields found in this
experiment may indicate that R+, free in solution, is not important

i.n the proauctiOn of dodecane, The possibility_ ;'emé.ins; however,
that the very high relative speed of the combination reaction, over
an abstraction reaction, still leads to the preferential formation
of n-dodecane. The second experimén_t (Table V) was the inverse
addition of a solution of the organoborane to three mole equivalents
of aqueous HZOZ’ ‘but this led to only a small change in the relative
yields of mc;nomeric and dimeric hydrocarboné. The solvent here
was substantially an aqueous TUH{FY, system during the earlier

part of the addition,

In a third ejcper’irnent; the presence of a large amount
(1.0 mol.} of 1,4-dihydroquinone (Table V) led only to a very small
change in the yields of hydrocarbons obtained, If the produt:ts were

obtained from a radical chain reaction, as in the autoxidation of




Table V

Variation of Concentration of the Reactants, and of the Solvent in the Reaction of Hydrogen Peroxide

Solution with Tri-n-hexylborane

Concen~ Tri-n- Hydrogen
tration of| Solvent [Percentage Yield of Hydrocarbon] Hexyl- Peroxide
Organo- Products? borane
borane. n-hex-| Hex-| n-Do- | 5-Methyl~
M. ane 1-ene| decane| undecane (mmole)] (mmole)
Diluted Organoboréne 0.063 T.H.F. [16.9 | 4.6 |24.8 5.1 1.25 3.01
[nverse Addition 0.58 T.H.F.,| 13.3 | 4.5 [24.0 4.8 22.8
* : aqueous '
Presence of hydro- -
quinone (13.6 mmole) | 0.52 T H.F. |12.4 | 4.25]|24.6 5.13 12.5 14.3
- | ] 0.51 Diglyme | 10.6 | 5.1 |27.1 5.6 13.3 31.0
- 0.51 Methanol| 11,7 | 0.7 | 27:2 6.4 13. 5 34,2
Table VI
"Addition of Water to the Reaction Mixture
Percentage Yields of Products® Tri-n-hexyl-] Hydrogen
n-Hexane | Hex-l-ene | n-Do-| 5~meth- n- borane Peroxide
' decane| ylunde- hexanoll (mmole) (mmole)
cane
> O added after the _ :
oxidation - - 27.7 (7.5 4.5 14,19 15.0
H, O, 5% w/v. 9.3 5.9 |24.8 [7.3. 10.4 12.77 14,0

2Calculated from initial amount of C‘-B bond,

9491
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‘alkanes, phenols, etc. ;27;28 the addition of hydroquinone
should quench the reaction until the antioxidant was largely
épent; 29 No induction period before reaction started, or a
yellow colour due to benzoquinone formation was observed,
however, = It seemed probable therefore that a chain reaction

was not important under the conditions of this study,

‘The peroxidations in T H,FY solution showed that n~
hexanol was produced with the dodecanes in a fast reaction, or
reactions., To exclude the possibility of hexanol production by
autoxidation, owing to therpossible presence of a small amount
of oxygen in the reaction flask, a Samplé of tl;é organoborane in
T, HL,F% S.Oll..l‘tion was analysed by g.l.c, before the addition of
H,0,. No n-hexanol fraction was observed in the chromatogram,
however, Further experiments were made 1n order to find out
whether nwhexanol was produced by a reaction 'lnvoiving the water

present in the oxidising agent.

Addition of oxygen~free water after the peroxidation in
T.HLF% did not cause an increase in n~hexanol yield (Table VI}.

Hydrolysis of nehexylborinic, boronic, or borate, esters after
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fhé peroxidation was probably not the.réf.ore' irhporté.nt; . The

second result in Table VI was obtained when the oxidation was
carried out with aqueous HZOIZ sélution wﬁich hé,d‘beern dili;ted

from 30% (w/v), to 5% (w/v). The oxidafion at 00 was st“i.ll

vigor’oﬁs“ and gave sii;lila.r yields to tlhose‘ obfained in i:hé éxperiments
with T, H". F, as éc;lveﬁt , although sufficiént Waﬁer was now prv.esentI
after the oxidation for an aqueous ‘phas.e‘ to sgparaté when stirring
was discon!:inued; The course. of the reaction was therefore
substantially unaltered under these conditions; -The small changes
in_tlg.e yields of .pr'oducts indir_:atés_ that an ipcreasepf_3:5% in the
n-hexanol yield occurred at the expense of n~dodecane, a1_1d N
hexa:ne'.' | Unless, therefore, the attack of a primary alkyl radical
(R.-){or'of an alkoxy radical (ROf); -on H20 is unfavoured, it must
be conclgded that the presence of free radicals in solution is
I}nimpqrtqnt in 1‘:his, study; The silver‘nifrate ].'.Ild.l:lcled cqupling
reaction, of {ri=nehexylborane, in an aqueous mixture, suggests

that attack on water is not favoured;45

To obtain further information on the importance of the
solvent, additional peroxidations were carried out in diglyme,

and methanol solutions (Table V). . In both solvents, however,
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the product.yields were substantially,unaltered; - Thig supported
the conclusion, drawn from the experiments using, in turn, very
diluted solutions of the organoborane, and H202, that the role of

an organic, or agueous solvent in the reaction is unimportant,

Both homolytic reactions, and multicentre reactions show
much loss depeﬁdence on the polarity'of the solvent than reactions
whichrproce.ed throo.gh én .ionic rﬁechanism . Threo possible
c.ourses of re'action; therllr,' are 'sug.gested by the iesﬁlts above.,
pﬁDodeoane i‘no.y be produced by an intram oleoular reacﬁon at fhe
boroﬁ atom;- breaking t§v0 CQ-B bohds , vs_rithouf any. intervention bsr
£he .solventl:. 23 AlternaffiVely the ﬁoroolytio £issioo ofo C7B bond s
after H202 o.ftack; may prod;u-ce..froe alkyl fadicals io.solution
which subsequootly combine to produce ng‘dodocane: Thifdlsr;-
the attack of ao oxidised orgaooborane molecule oﬁ an .onoxi.dised

C-B bond as propo.sed 1n the autox1dat10n of trlbenzylbora.ne ma.y
produce the. d1rner1c hydrocarbon. 30 The folloW1ng three exPerlments
were carried out in anl attempt to find which, if any, of the reaction

courses above is followed,

In the first experiment, an excess of 2,0, solution was added

to a mixture of trign-hoxylborane (12,81 mmole), and tri-n~pentyl~
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borane (13.0 mmole), in T.H,F. solution (0.5 M.) at 00, When,

‘after 12 hours, the mixture was finally treated with excegs alkaline

hydrogen peroxide solution, to oxidise residual C-B bonds, and
then extracted into ether, g.l.c.analysis showed the following

products to have been formedi=

‘nwpentane 4,56 mmole n‘f‘-{decaﬁe 2.75 mmole; 7.1%, 1,03 mol,
n-hexane 4,18 mmole  nwundecane 5,33 mmole, 1?;:'73%; 2.0 mol,
pent=l=ene 0,98 mmole n-dodecane 2.56 mmole;é:Eé%;- 0,96 mol.
hex=l4ene 1.15 mmole nwpentanol 1.3'.'58 mmole ‘

n-hexanol 14,08 mmole

(The isomeric dimeric hydrocarbons were not estimated).

In addition to the products which would be expected from separate
oxidations of the two organchboranes, a substantial yield of n-undecane
was found, The yields of the dimeric h'ydriocarbons produceci were
also calculated as a percentage of the total amount of C-B bond
present in the original mixture of organoboranes. The percentage
yields of the three dimeric hydrocarbons.wererthen normalised to
n-undecane as 2.0 mol, The yield of n~decane was then 1,03 mol.,

and of n~dodecane 0.96 mol, The production of n~undecane demonstrates
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that an intramolecular-procéss; involving only one molecule of
the organoborane, or an unstable intermediate formed by its
reaction with I—IZOZ; to produce tﬁe dimeric hydrocarbons, does
not oc?:u_r.I The close correépoﬁdence of the ratio between the
normalised dimer yields (n~decane: n-undecane: n-dodecane) to
(1:2:1) indicates that the coupling reaction shows no discrimination
in reactivity between the n-hexyl-, and n-pentyl-, groups. -The
experimental ratio of 1,03:2,0:0,96 (n-.-decar;e":n-undecane:n-_-'
dodecane), differs sligh.tly. from unity in the direction of the small
excess, from the preparation, of tri-n-pentylborane (1,01 rnlol;)
over fri-n=hexylborane (1,00 mol.), and to a similar extent., It
seems certain therefore, that the oxidation in T.H,F} solution
depends eithef on an intermolecular or a bimolecular reaction, to

form the dimeric products,

The conc.lusi'on drawn frorn. this experiment would be invalid
if, before the oxidation, the boranes had suffered a disproportionation
reaction to give a random mixture of pentyl-, and hexyl-, groups at
each boron atom., Previ o.us studies of the disproportionation
re#ctioﬁ of trialkylboranes, however, have used unsymmetrical

31-33

boranes as starting compounds, Disproportionation was then




studied using a technique, such as distillation , which would allow

the equilibrium formation of the most volatile pos;sible borané from

the mixture present, and its subsequent :t*e:moval.i31 ;__33 Unless

the activation energy of the intermediate leading to dispr opoftionation ,
| 31,32

generally described as a bridged dimer, is so .lov_v as to allow

rapid randomisation at ice temperature, it is unlikely that

4
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disproportionation should be important in the experiment above,

Here, the two organoboranes were prepared separately, and oxidised
within 15 mins, of mixing. The system was not put under any

external constraint likely to produce disproportionation.

In the second experiment, a sample of tri-n=hexylborane in
carbon tetrachloride (CCly) solution, was. oxidised with aqueous
hydrogen peroxide (Table VII)., In the third experiment, excess
iodine (1,) was added to a sample of trimn~hexylborane in T, H.F,
solution, before treatment with an excess of aqueous HpOp (Table Vi),
The oxidation in CCly solution gave a small yield of n-=hexane, hex=
lwene, n-dodecane, and S5-methylundecane, but gave an increased

yield of n-hexanol (24.0%). A substantial yield of l-chlorohexane
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(27.3%) was also produced, together with hexachloroethane (CaCly)s
Another compound was eluted as a sharp peak in the g.l.c., but

later than ng'dodecane; . The compound may be 1;1',1:-trichloroh;eptane
formed by the ;:ombination of the trichloromethyl and n-hexyl radicals,

Further identification was not pursued, however;

In the presence of iodine, the oxidation in T,HUFY, solution
gave a {ery small yield of the dimeric hydrocarbons, together with
‘an increased yield of nwhexanol (20;5%_); In addition, lm-iodohexane
(25.8%) was obtained in a yield simila:r to that of l~chlorohexane

from the second experiment,

The yield of the alkyl halides in the reactions é,bove is similar
to the yield of n~dodecane obtained from the oxidation in T, H, F%
solution., It is probable, therefore, that the reaction iptermedia.te
which leads to n~dodecane formation, may also be responsible for
the production of the alkyl halides, 02016 is readily produced by
the combination feaction between two trichloromethyl radicals (v) ;34
and its production during a reaction in CCl, solution suggests that
the reaction pro'duc.es free radicals which can .attack the solvent as

in reaction (v).



Table VII

The Reaction of Aqueous Hydrogen Peroxide (30% w/v) with Tri?’-‘e’nnhiexylbora'.ne_@.'s M.) {2) in Carbon

Tetrachloride Solution, and (b) in TS H, FY, Solution in the Presence of Excess Iodine,

Percentage Yields of Products? C2Clg [Trimn= HYdrogen
SeMeth] IT= [lelodo hexyls | Peroxide
neHex«|Hex=1{n=Dow |wylun~ {n=Hex| Chlo| «hex« borane
ane | wene |decane} decane]~anol | sro¥ ane [mmole}(mmole)| (mmole)
' hexane = -
Carbon Tetrachloride ) _ _ |
Solution . 3.1 0.4 | 7.2 |2.4 P4.0 [27.3] 7.0 f12.97 35.3
TLHL F. /1, (60 mmole) = - 0.3 {0,1 [20.5 25,8 13,05 26.4
Table VIII
The Reaction of Fentonts Reagent with Tri‘-thexylbora.ne;b
Percentage Yields of Products? Tri=n~hexyl | Hydrogen
neHex=| Hexw | nwDow= [5sMethyl [neHex|Hexans =borane | Peroxide
ane | l-ene| decane |“undecanef~anol | 2&ol- (mmole) = | (ramole)
T,H. F,. Solution 5.3 - 21,8 7.5 |5.4 | 0.6 12,68 26,45
Agqueous mixture 7.3 1.7 6.2 1.6 9.7 0.7 12,40 26,50
Air Autoxidation in
Adqueous Diglyme ) ) .
Solution 7.4 1.1 3.4 < 22.7 - 12,90 0
Addition of excess | o =
alkaline hydrogen 59,5 26,50 ]

peroxide solution

& Percentages calculated from injtial quantity of C~B bond,
b Molarities are not quoted as a two=phase system was obtained,
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R * CC, —— RC 4+ Ccl (iv)
2¢Cl, ——— CL, {v)
R+ [, —— RI + - | (vi)

Twé isolated rep orts in the literature refer to the autoxidation

of trié.].kylboranes in CCly solution, Davies and co;-_-“workers
deduced (frdm p.m,r, data) the presence of twbutyl chloride in

a sample of t:a'llnutyldie:isobﬁtylborane in CCl, solution ‘Which had
been treated with oxygen (1,0 mol;)l A small amount of carbonyl
chloride (COC1;) was also detected, A second report refexrs to

the autoxidation of tri=-n-propylborane in CCly solution.35 The
products isolated here, however, were a mixture of COClp,
propane, and propene, but no alkyl chloride, Neither reference
mentions the production of C,Clyg, or suggésts how the reaction may

proceed,

Many studies in free radical chemistry have made use of
the low energy of the I-I bond, by using molecular iodine.as a
radical trapping agent. Walling36 comments on the efficiency of
iodine as a trapping agent, and in 2 kinetic study of the autoxidation |
of triethylborane, Hansen and Hamann?3 found iodine to be an

effective trapping agent for the ethyl radical,
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A reasonable explanation of the formation of l<iodohexane
during the experiment above, then, is that the iodine is attacked
by hexyl radicals as in equation (vi}. The overall reaction
between trij.-g-jhghexylborane and neutral H,Op solution may therefore
be explained as an initial attack by H,O, on the trialk-;rlborane which
leads-to the breaking of two C -B bonds., Hydrocarbon p-rodl‘a.cts
estimated account for the formation of apprézcimately 1.‘.0-‘-1:5 mol,
of hexyl :r:a.d:ic:a,.ls.;;L If more than 1,0 mol, of szz is added, the
third C=B bond is broken slowly as described above (seé discussion
and Table II}, and pr-oba.bly by a different mechanism:43;48 i‘he
fate of the alkyl radicals produced then depends on the solvent
éystem; In T,H,F., diglyme, mefhénél, and aqueous T, H,F,
solutions, the radicals undergo a combinatién reaction (i) tolforrn
nedodecane and 5¥methyluﬁdecane; a.I.ld a hydrogeﬁ a.b.st.raction
rea;ct.i.on with the solvent or oxidising agent to produce nwhexane (iii).
The free~radical combination reaction, which has a 1§w activation |
energy for the primary alkyl radicals, is favoured over hydrogen
abstraction from the solvent, Reactions (v) and (vi) are followed
in CCl, solution, or the presence of iodine, giving the formation of

' alkyl halides at the expense of the combination reaction (i).

Reactions {iv) and (vi) are related to (iii), as all involve bond breaking
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during the product forming step. In a recent review, Stirling37

commehts that a 1,2%hydrogen shift has not been reported for

_alkyl radicals, The amount of 5xmethylundecane produced by

the oxidation in T, H,FY, solution coxresponds to the arount of
secondary hexyl group formed during the hydroboration of hex=l« _
ene (approximately 6-_-'8%);25 ‘The subsequent alkaline H,0,
oxidation of the reactior.l products.in TLH, F, solution gives an
increase in yield of only 2% of hexanw2wol, showing that most of

the hexw2-yl group was in fact oxidised by the neutral H,0;

(Table IT).

Both Wilke and Heimbach3® and Hansen and I:la.ma.nn:,‘?‘3
have suggesteci bimolecular redox reactions between oxidised and
uno:ﬁdised boron compounds which , if followed in this study, could
explain the production of n-g-':dodeca.ne; Wilke and Heimbach obtained
bibenzyl in 20% yield from the autoxidatioﬁ of tribenzylborane, and
suggested that it was pr oduced through thé nucleophilic attack of
the alkylperoxyboron group on an unoxidised borane molecule as
in reaction (vii)e The maximum possible yield of bibeﬁzyl should
fherefore be 33%, a yield closely similar to that obtained in the |

present study. This mechanism only requires 0.5 mol, oxygen
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to be absorbed, however, to give the maximum yield of dimeric

hydrocarbon:
R :
N 2N . .
B—0—0—R R R .
R Rl | - \B—-O--O—-B/ + RR {vii)
- -\B—CR R N

A larger amount of H,0, (1:0 mol.) is necessary to obtain the
maximﬁm yield of nwdodecane in the oxidation of trij-.-,’ni-‘-;:hexylborane,‘,
howev_er: The autoxidation of trii'—jhf-falkylbora.;nes was reported by
Wilke and Heimbach not to lead to the production of dimeric hyc}ro-‘g-"
carbons. in substantial yields, The behaviour of tribenzylborane
appears, therefore, to.be a special cése in the context of the
autoxidation studies, and a feasible alternative expianation to that
given by Wilke and Heimbach may lie in the ready formation (throagh
heterolytic 'benz_yll-.-:oxygen bond fission) of the benzyl radical: owing
to its stabilisation through delocalisation of the unpa;ired radical
eleo::t‘a:on{'.‘36 The n-alkyl groups studied here were not capable of
stabilisation by delocalisation, however. - If an intermediate
organoperoxyborane were forr.;ned during the H,O, oxidation in CCly
! solution, it is-possible that the role of the unoxidised trialkylborane
‘ ' in the non:-g‘-ff.ree radical redox reaction might be taken by the solvent

CCl or, similarlj; by the iodine molecule, The requirement for
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1.0 mol, of HZOZ would be met,although the trichloromethyl
radical, and hence C_Cl , would not be expected to form. A

redox rearrangement (as suggested by Zutty 19) of the peroxyborane
residue would lead to an n-hexylboronic ester which could
subsequently. Eydrolyse to giv;e the increased yield of n-ﬂexa.nol

found, as in reaction (viii).

R g™ R R
R/E—_—)o—o—x——>0>5*o-x HO., ;B-OX+ROH (viii)
R HO x=ca,l.

Hansen and Hamann 23 found that the organoperoxyboron
compound obtained by the oxidation of triethylborane only gave
ethyl radicals when in contact with unoxidised triethylborane.

This reaction was also explained by a bimolecular redox reaction; (ix),

R . R _ R
— — B—O0OR+t+ R+ —Q- .
R/? R /R R OR . R/B 0 (ix)
R—0—0— B\R 2

similar to that proposed by Petry,4’7 and Zu.tfy, 19 for the intra-
molecular rearrangement of an organoboron peroxide., Both of
these alternative eﬁ:planations,however», require the hydrogen

peroxide as used in this study, to react as oxygen in the prese'nce of




Hzo; ‘Experiments were therefore carried out in order to find
out the nature of the attacking species and, if possible, the

reaction intermediate responsible for n-dodecane, etc,, formation,

A sample of tri-n=hexylborane (12,10 mmole,) in diglyme
solution was treated with 2.0 ml, of de~ionised water, é,nd an
excess of compressed air bubbled through the solution.” The
reaction mixture was analysed by g.l,c, after beﬁlg autoxidised
for 24 hr. The gas=liquid chromatogram showed that many
products had been formed, but in srnali yields, as in the air
oxidations in dry solution carried out by Mirviss,22 Table VIII
shows the yields of the larger components of the mixture, Alt]laough
water had been added to the organcborane solution before oxidation
so as to allow comparison with the neutral H>O, oxidations, the
yield of n~dodecane was reduced to 3:4%; and n:hexanol Wwas now
the major product (22;7%); The a.dditi-on of an excess of aqueous
alkaline hydrogen per"oxiﬂde increased the yields of n~hexanol by
36.8%, showing that one CwB bond had been unaffected during the
air o;;ldation; Although: the organoborane was oxidised to the

boronic oxidation state, as in the reaction with neutral HZOZQ the

non~boron containing products of the air oxidation were widely different




from those in the HZOZ study, It was concluded, therefore,

that neutral aqueous H,O, does not attack the organoborane as

oxygen in the presence of water,

The remaining possible modes of reaction of H,O, in solution

2
are prob.ably either (a) an attack by the hydroxyl radical (HO;) s
following an" initi-a,l hémolytic dissociation of the 0xygen-.-‘oxyg-en
bond, or (b) a c-iirem; attack of H>O, at the boron atom by
cowordination between the oxygen lone pair electrons and the empty
Z2p orbital of boron, Ferrous ion promotes the rapid decompesition
of H,0, to give the hydroxyl radical, HO-, as in Fenton's reagent, 38
Similarity between the products of an H,0, oxidation using Fenfdn’s

reagent, and the normal HyO, oxidation, should indicate that the

‘hydroxyl radical is the active species involved in the attack at boron.

- Table VIII shows the yields of préducts obtained when triwne
hexylborane (a) in T,H,F, solution, and (b} as an agueous mixture,
is added,with vigorous magnetic stirring, to an aqueous solution of
ferrqus sulphate, and then treated with aqueous H»0,, In T,H,F,
solution it was difficult to avoid the separation of the ferl;ous sulphate
solution into a separate aqueous layer, with the attendant possibility

that the reaction of the organoborane with H,0, was not affected by




172

the presence of the ferrous ion. Although a brown colour,
probably due to the oxidation of the ferrous ion to the ferric
state, was observed, the‘yield of the dodecanes was not
significantly_differenf from that oEtained in the absence of
:Eerroﬁs sulphate, This result appears to support the importance
of the hydroxyl radical in the oxidation. In order to allow the
maximum opportunity for the mixing éf the hydrogen peroxide
solution with the‘ ferrous sulphate, therefore, H,0p was added
slowly below the surface of a vigorously stirred mixture of
trien~hexylborane . and aqueous ferrous sulphate, During the
addition of the H,0,, the reaction mixture became black, The
vield of n-~dodecane was now greatly reduced, The yields of
n-hexane, and n_;-hexanol, were slightly increased, Although the
conditions of the second oxidation were chosen to favour the
:Eorrnaﬁon 6f the hydroxyl radical, the yields of organic products
obtained were widely different from those obtained in previous
experiments by the action of HpO; on tri=n-hexylborane, both in
T.H.F, , and in aqueous T.H,F, solutions, It seems likely
therefore that if HO» is the attacking species responsible for the
coupling reaction, then it is not produced free in solution., Some

reservations as to the experimental conditions remain however, as
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a homogeneous system was not . achieved in either experiment,

The raéidity’of the hydrogen peroxide oxidation of tri-n«
hexylborane tends to obscure the; reaction mechaniém followed,
The products from the oxidation of the borane by molecular oxygen
in aqueous diglyme show élearly that hydrogen peroxide does not
decompose.and react as molecular oxygen (25 in x) under the
present reaction conditions. It is possible however that the borane
catalysasra. homolyt-ic'fission of hydrogen peroxide to give hydroxyl

radicals (as in xi), or hydroperoxide radicals (as in xii),

BR

2HQ, > > 2H0 + 0, (x)
BR,

HQ, ? 2HO- (xi)
_ BR

HO . > H + -00H (xii)

Fenton oxidations are normally carried out in aqueous solution,
and consequently the attempted Fenton oxidations in the present .
study had t§ be carried out under nonf-’ideai conditions owing to the
immiscibility of the reagents, It is possible therefore that the
hydroxyl or hydropei-oxide radicals are the active species in the

hydrocarbonefbrming reaction, The enzyme peroxidaze, and silver
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ion are both known to induce a free radical dissociation of hydrogen
peroxide, but with the enzyme there is some uncertainty as to
whether the hydroxyl or the hydroperoxide radical, is the speéies

formed:ég

Production of Alcohols

With trisn~hexylborane, the small amount of n~hexanol
produced during the initial fast reaction may not have been produced -
by the same mechanism as in the subsequent slower reaction which
leads to the breaking of the third C=~B bond, The slow, smooth
production of an alcohol, with no concurrent hydrocarbon formation,
in the oxidation of thexylboronic acid {and also during the slow
component of the oxidation of disiamylborinic acid) also suggests

two alterna.tive mechanisms which can lead to élcohol formation,

The presence of a borate ester leads to very little if any
decomposition of aqueous hydrogen peroxide, This result is expected
from the small Lewis acidity of the boron atom in a borate ester,
and from the established nonfree radical oxidation of a boronic acid,

- When the stronger .Lewis acid tri-n-hexylborane was added in a

catalytic amount however, to hydrogen peroxide, a rapid dealkylation
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occurred, Any catalytic activity of the boron atom cannot
therefore be assessed as the borane is unstable in the presence
of the products of any free radicals formed,

40,43

and Traylor ;48

The ionic mechanism proposed by Kuivila
as discussed.earlier; is compatible with the slow alcohoi producing
reaction of the third C-B bond. Thé small amount of alcohol
produced during the earlier fast reaction may also be due to the .
competition of the sé.me mechanism through the véry small
equilibrium am ounj: of hydroperoxide anion present under the neutral

oxidation conditions. The mechanism suggested for the fast reaction

below) may also lead fto the production of a small aanunt of alcohol.
Y p1

Production of Hydrocarbons

The production of the monomeric and dimeric hydrocarbons
(or alkyl halides in ;the presence of carBon tetrachloride or iodine)
suggests the intermediate production of alkyl radicals duriﬁg the -
fast reaction. The non~free radical rﬁechanism proposed by Kuivila43
for béronic acid dealkylation, and extended by Brown?> to the
trialkylboranes probably préceeds through an intermediate similar

to those in reactions (xiii) and (xiv). Once the ionic intermediate

is formed a subsequent free~radical decomposition leading to dimeric




hydrocarbon formation would not be expected,

-
rg —HX [Rﬁ—ooril e (i)

R,B0R — ROH

(xiv)

o
Y,
3

a’
I
o
I
L Q
T

R/B00H + RH

Considering the energy difference between the two alternative
reactions in (xiv), the production of an alcohol results in the breaking

of an O~0 bond (+ 50 keal,) and the formation of a C~-O bond (=90 kecal.),

a net stabilisation of approximately 40 kcal, 60 The alternative

production of an alkane differs in the breaking of an O-H bond
(+110 kc#l;) and the forrﬁation of a C~H bond (-87.3 keal.), 2 net
destabilisation of 22,7 kcal., Whatever the energy of the common
formation of a B~O bond therefore, the production of an alcohol is
favoured énergetically by some 63 kcal. Such a mechanism for

hydrocarbon formation is probably therefore of little importance;

Even under basic conditions (as used by Brown for alcohol

production) where the attacking species is largely the hydroperoxide

anion a small yield of hydrocarbons is obtained. The evidence for
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the alternative mode of attack by un-ionised hykogen peroxide is
therefore very strong. Any alternative mechanism for hydrocarbon
formation must take account of the requirement of one equivalent of

hydrogen peroxide to break two boron to carbon bonds.

il free radical chain reaction of the type shown'in Scheme 2
‘would satisfy the observed stoicheiometry, and also expia.in the
- production of n-undecane during the oxidation of a rni:—d:ure of tri=n=~
'pentylboraﬁe and trién-{-hexylborane; Such a mechanism may require
the presence of a trace of ali{ylperoxyboron group to gi{re initiation,

2a., Small amounts of oxygen in the reaction vessel during the

>8R - |
J —— >B—OR + R + >B—O0- 2a.
ROYL0BL
>B~——O-+ HO, ~—> >BOH + -OOH - 2b.
N | _
;:; ———> >B—00H + R 2.
-O0H
“ETR —— >B—0H + R + >B—0 za
HO-0BZ

preparation of the borane, or oxygen dissolved in the aqueous hydrogen

peroxide reagent, would give the required small amount of peroxide
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group. Hansen and Hamann23 have suggested a reaction identical

‘to 2a to explain the production of free radicals during the autoxidation

of triethylborane, . They did not find evidence for an overa.il chain
oxidation under the actioﬁ of molecular oxygen. The chain carrier
in Scherﬁe 2 would be the boron~oxygen radical in equations 2b and
2d, The mechanism depends on the fission of the H~O bond of
hydrogen peroxide (2b) rather than the weaker O-O bond. A similar
fission has‘ been proposed as a possibility for the enzyme catalysed
homolysis of hydrogen peroﬁcide, however.4? A further analogy
lies in the attack of the t-butoxy radical on t-butyl hydroperoxide
which is thought to account for the frée radical chaip decomposition

of the latter cbmpound;

A drawback to this mechanism is the apparent similarity of
the oxidation products to those from a Fenton oxidation as carried
out under the conditions described above, Here however, a reaction
such as {xv) may provide an intermediate in the chain fnechaﬁisrn
which would then continue to produce the observed products. It is

difficult however to reconcile a chain mechanism with the absence of



L % *

HO-  +  Hp —————  HO 4 HoO- (xv)

any inhibition of the reaction in the presence of hydroquinone; a

known inhibitor of chain reactions.

An alternative possible mechanism which does not involve
a free radical chain is the catalysis of a homolytic fission of the
0-0 bond by.the boron atom. A fast attack by un~ionised hydrogen
peroxide on the trialkylborane may be possible as argued earlier
because the extent of the fast reaction appears to be dependent on
the Lewis acidity of the boron atom (as ?eﬂected by the nﬁmber of
oxygen atoms bonded to borons i.e, R3B > RzBOH > RB(OH),).
The attack may either be a one-step process via attack at boron i)y
the hydroxyl radical, possibly as in Scheme 3, or a two-step process

where the attacking agent is neutral hydrogen peroxide, as in Scheme 4,

R
' . .
—[‘\[\-OH —> 3BOH + R 3
‘E
R—B 4  PH ———  RBOH + R+ .OoH *
F |
R OH |
R : 4b
Ho—p Y loH . ——  RBOH), + R
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The hydroxyl radical produced in 4a would then react, probably
_with the same boron 'a’tom,' as in 3 or 4b, in accordance with the
observed stoichelometry., A pdssible objection to reaction 4a is
the low ‘yield of glcohol in view of the simultaneous production of
hydroxyl and alkyl radicals., A possible expla;'la.tioh may be that
only the hydroxyl radical (as in 4b}) is likely to react further with
the boron atom, through the very favourable energetics. of breaking
a C-B bond (+ 90 kcal,) and forming an Og-]é bond (~150 kecal,), a
gain in stabi'lis.ation of 60 keal,?0 " Attack by the alkyl radical at
boron would not be expected to produce any changé. A combination
betwéen hydroxyl and alkyl radicals during the reactions ih Scheme 4

should produce the small amount of alcohols observed,

The subsequent fate of the a.'lkyll'ra.dicals was discussed
earlier (Reactions i=-vi), The high yield of dimeric hydrocarbon
could be explained on the basis of a fast reaction of type 4b leading
to the production of a second alkyl radical before the first alkyl
radical leaves the solvent cage. If the disproportionation of the ‘
mixture of pentyl and hexyl boranes is not important however (as

discussed earlier), the solvent cage must be assumed to be penetrated
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very readily by the alkyl radical, as the symmetrical and
unsymmetrical dimeric hydrocarbons were produced in the

statistical proportions.

- The producfion of hexyl chloride (iv) or iodide (vi) is also
readily explained on the basis of reaction Schemes 3 and 4 through
the ready attack of an alkyl radical on the weaker C-Cl bond
(=66.5 kcal,) or I-I bond (=36.0 kcal,) compared with the stronger
C-H bond of an organic solvent (-87.3 kcal,). Previous studies

o . . 39,45
have shown that alkyl radical attack on water is not favoured,

The formation of alkyl halide may take place either at the walls of

the solvent cage, or in the body of solution,

Alkyl chloride formation involves a bond brea.king: step

" (reaction iv) while the production of dimeric hydrocarbon does not
and has a ver;y sm-all energy of activation, as discussed earlier,

The preferential formation o&. alkyl halide over dimeric I-Vlydroca.rbon‘s
theréfore suggesﬁs that the former process takes place at the

surface of the solvent cage, and adds e.vidence that the dimerisation
réaction occurs in the body-(of the solvent, as required for n-undecane

formation,
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Finally the observed blackening and the small yiéld of
compounds horrnally found with the neutral hydrogen peroxide
- oxidation, in the attempted Fenton oxidation are in accord with
the known indiscriminate attack of the hydroxyl radical on organic
compoundS.ss_ The mechanism in Scheme 4a suggests that this
r.a.dic.al‘, if f;)rmed', would react very rapidly at the boron atom,
This rﬁechanism can be regard:ed as a radical displacement reaction
at the boron atom. Such reactions have not been suggested commnonly
in trialkylborane chemistry, although the products cobtained in a
recent photolytic study on triethylborane suggestecli the possibility

51

of such a process, Two other reports in the literature suggest

a possible displacement of the alkyl group in a2 boroxine by an

attacking free radical, 52,31

The results obtained in the present study lead therefore to
the suggestion of several possible mechanisms, Further experiments
are needed however, to draw a more definite conclusion as to the

reaction path;
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_3&_ The Reaction of Neutral Aﬂuebus Hydrogen Peroxide with

Representative Trialkylboranes in Tetrahydrofuran and Carbon

Tetrachloride Solution

Results

“The tr.ialkylboranes were prepared in tetrahydrofuran (T(H.F.)
solution by the Hydroboration method, The molarity of the solutions
was similar to that used (0.5 M.) during the oxidation of trif-hj-‘-_héxylg
borane (Part 2, above)., When the oxidation was to be carried out in
carbon tetrachloride or diglyme solution the olefins use-d' in the
organoborane preparation were estimated by gasjg-liqﬁid chromato«
graphy (g.l.c.) and then the solvent (and excess olefins from the
preparation) was removed by eva.éua.ting the soluf.iOn at 0°/0.5 mm.,
until distillation ceased., The vacuum trap was warmed to ice |
temperature and re~analysed for olefins, It was possible in this
way to establish that no de ~hydroboration had taken place during
the e;va.'cuation; The evacuated reaction flask was then brought to
atmospheric pres-sure with dry oxygen~iree nitrogen before the new

solvent was added from a syringe.
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The branched boranes reacted more slowly with hydrogen
peroxide than did tri-n~hexylborane, in both of the solvents. The
reaction mixtures were accordingly analysed at periodic intervals
for oxidation products. As the lower boiling products (monomeric
hydrocarbons) could not be estimated using the same g.l.c.
temperature apd stationary pilase ; the lower and higher boiling

products were conveniently estimated at different times during the

reaction, and then together after the reaction.,

i

After the oxidation in T, H, FY, solution, thé reaction mixture
was tréated with an excess of aqueous alkaline hydrogen peroxide,
in_ order to estimate the amount of unoxidised carbon to boron.(C-_-B)
bond. -An attempt was madé also to estimate the tesidb.al C-B
bonds after the CCl, oxidatiqn of trifhfliexylborane; but the alkaline
hydrogen peroxide oxidation was found to be ineffective in that
solvent, and led to a complicated analysis. The final alkaline

oxidation was therefore eéxcluded from this part of the study,
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Tri-:z,.-hexﬂporané

Table IX summarises the broducts; and their fields,. |
obta.iﬁed from the HZOé oxidation. of tl;i;;-"zlf_-he:cylboral.ng;. The
vields Vshow a considerable departure from those found for
triwn-hexylborane under. si.ﬁiilar conditions (se;e Part 2., ab(_;ve).
The oxidation in 'I"’.'H“.;F".' soluti.on at 0° was found to be essentially
complete within two hours. . ‘i‘he- proportion of ﬁrhéxane; wés thre.e‘
times as large as that oiata.:i.ned from tri-n-hexylborane, while the
yield of dimeric hydrocarbons was correspondingly reduced, The
combined yield of hexan~2wol, and hexan-3-ol was larger than the
yield of n-hexanol from the oxidation of the primary organoborane,
The final alkaline oxidation produced only a further 12,6% of mixed
hexa.n‘-'_f‘Z_-_-'ol and hexan=-3 -ol," conﬁnin ing that the neutral I—I‘ZOZ oxidation
of the third C-B bond in tri-2-hexylborane is more rapid than for

‘trienshexylborane,

To obtain a standard for comparison, a s.a.mple- of tri=nwhexyl=
borane was oxidised in CCly solution at 259, using the procedure
outlined above, The products obtained from the reaction of a CCly

solution of tri-n-hexylborane (12.72 mmole, 0.52 M.), with excess
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aqueous H,Q, (26.4 mmole) in 2.5 hours were:« nwhexane, 3.8%;
- hex=luene s 0.1%; n-dodecane, 6 4%; nghexanol; 23,0%; ‘lwchloro~

hexane, 27.8%; hexachloroethane, 6,80 mmole, -

tetrachloride solution was incompletely oxidised in 24 hours,. while

at 78° (refluxing CCl,) the reaction was very fast and the amount

of alkyl chloride obtained tended to decrease slightly .after 1.0 hr.

An oxidation was therefore carried out at 25°, and analysed for |
‘products after 2,0 hr, and 24,0 hr, The reaction was found to be
substantially complete within 2.0 hr, n-Hexane, and the isomeric
alkyl chlorides, were producéd in a slightly hiéher vyield than that
oﬁtained :Ex;om the primary organoborane; while the yield of olefins,
and dimericlhydrocarbons was similar, and the two isomeric alcohols
were produced in an overall yield smaller than that obtained from

tri~n~hexylborane,

Thexyldi-n«hexylborane

The neutral hydrogen peroxide oxidation of thexyldi~-n~hexylborane
gave a series of prodﬁcts {Table X) in yields similar to those obtained

from the tri?Zghexylboi'ane oxidations; The yields of oxidation products



The Reaction of Aqueous Hydrogen Peroxide (30% w/v.) with Trii2whexylborane in TF I—I F’
and Carbon Tetrachloride Solution (0.5 M.).

. \
W

Tempes Hydrogen| Trim2-| C,Clg 'Percentage Yields of Products® olvent

2 Percentages based on the amount of C=B bond present initially,

rature Time| Peroxide hexyl- nuHext Hex-' Hex= [Isos Hexanw~| 2+Chloro
oc (hr.)| (mmole} | borane| (mmole] ane| l-ene Z-ene meric| 2«0l & | whexane
(mmole) : : Dodes|Hexans| & 3&
: canes | 3«0l ‘| Chloro=
' hexane
0 2 126.4 13,01 0,2 | 3.6 [7.3  |12.6f « T HIFY
24 31,7 |.2.72|6.4 12,6 24,4 | ‘
(o0H®) | o o
0 24 35,2 12,51 1.3 - - 12,3 - |CCl,. ‘
780 1 27,0 12,48 | 21,5 -~ |CCl, |
3 _ - 21,0
8 ' 3.41 - 1,92 [<0,1 [«0,54 1,5] = 20,5
250 2 26,4 13.4 1,99 [<0.1 [0,92 | & [ « - CClL, |
24 3.74  #.95 [<«0,1 {0.93 [ 5,6213,2 | 33,6
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in Table X are eipressgd as percentagesbased on the amount

of the pareni: alkyl group originally bonded to bofon. A measure

of the seleétivity of the oxidising reagenf between thé two alkyl
groups may thereforé be made by éirect comparison between thé
relevant colurhns of the table, Two samples of the orgé.noborane
in T.H.F. solution were oxidised with excess-HZOZ for 2.0 hr;
and 12,0 hr, The results in Table X show that oxidation is
essentially conlaplete in 2.0 hr. The two monomeric hydrocarbons;
2,3~-dimethylbutane and n~hexane form the maih products, ,follo\_;ved
by the two alcohéls » 2,3-dimethylbutan~2~ol and n~hexanol, and a
small yield of ﬁudodecane. Verbrugge found that in the silver
nitrate induced coupling reactions of organoboranes, the 1,1,2~
trimethylpropyl radicé.l does nqt readﬂy: undergo a coupling reactibn.
When a sample of thexyldi-n-hexylbora;ne was 'éubjécted to silver
nitrate coupling conditions three producfs were obtained in the ratio
1;0.2: 0.2 and the largest component idenﬁfied as n. ~dodecane,
G,l,c., comparison between the coupling reaction products from the
hydrogen peroxide and the silver nitrate coupling reactions, on

several stationary phases, indicated that the two unknown compounds

produced in smaller yield inh the presence of silver nitrate were not
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produced during the H,O, oxidation, while n-dodecane was, No
evidence was found for the presence of a dimeric hydrocarbon

 other than n'-.-dodecane; among the neutral oxidation products.,

. The coupling reactions between two 1,1, 2-trimethylpropyl
radicals , and between a n-hexyl and a 1,1, 2-trimethylpropyl radical,
do not therefore appear to take place under neutral HpO, oxidation
conditions. Addition of excess alkaline hydrogeﬁ peroxide solution.
to the reaction products at 0° gave an increase in yield of 2',3',:-_-:di:'
methylbutan=2~ol of 5%, and of n-hexanol 15%, From the overall
increase in alcohol yit;ld after the alkaline o;ddé.tion it is- se.en that
approximately 50% of the organoborane was ‘oxidiseld to the borate |

oxidation state during the neutral oxidation.

A preliminary oxidation of thexyldi-n~hexylborane in
CCl, solution showed that at 0° the production of iffchlorohexane
was very slow ('_I’able'X)'. When the temperature was increased to
25°, the reaction was complete within 12 hours, A subsequent
increase in temperature to 50°, however, caused a small decréase
in the le'chlofohexane yield, A second oxidat:ic_m was therefore_
carried out during 12,0 hours at 25°, and the mixture analysed for

oxidation products (Table X). 2,3-Dimethylbutan-2~ol and n=hexanol
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were the main products followed by the alkyl halides, llf-’chlord;-’
hexane and.2;3g-:dirnethyl-fo'z-_-"chlorobutane; Some n~dodecane was
produced, but only very small quantities of the two monomeric

alkanes.

The chaﬁge of solvent to CCl, therefore causes a change
in the pattern of products similar to that found for tri-2«hexylborane,
although with the symmetrical borane the pr0portion. of alkyl

- halide/alcohol produced during the neutral oxidation is larger than

for the unsymmetrical borane .

Disiamyl-n-hexylborane

Table XI outlines the conditiéns used, and the yields of
products obtained, when disiarn‘;rlg-hg-hexylborane was oxidised by
neutral hydrogen peroxide solution. The yields are expressed as
percentages based on each alkyl grouﬁ (as for thexyldi~-n~hexylborane,
above), When a sample of disiamyl-n~hexylborane in T{H,F, solution
at 25o was oxidised with an excess of aqueous HZOZ; in a prelifnmary
experiment, it was found that hydrocarbon production was complete
within 2 hr. A further sample was therefore oxidised at 259, and
analysed completely for oxidation products after 2 hr., and 24 hr.

(Table XI). The highest yield was recorded for n-hexanol, followed by



Table X

The Reaction of Aqueous Hydrogen Peroxide (30% w/v,) with Thexyldi-n~hexylborane in T,H.F,, and Carbon Tetrachloride Solution (0.5 M.,)

Olefins reacted during | Hydrogen " [Tempe Percentage Yields of Products®
preparation (mmoles) | Peroxide [Solvent [Time |rature | C,Cl o L - . : ‘ o L
Hexwla |2,3=Dimethyl«| (mmoles) (hr.) | og  {mmoles) [R'H°|RI(-H)JRHR{~-H}*R'R*[RIRRRC[RIOH] ROEFRICIP[R CI¢
ene but~2wene : ' ' .
24,5 13,22 26,4 T.H,Fy|12.0 | 25 P8.2 ¢ 0,1 [44.5] 0,8 KK0,05K0,088,.5 “ "
55,05 13.03 17,6 T.H.F.| 2.0 | 25 B1.4 |<0.1 |42.7<0.1 | = -~ 19.9(25.2 [30.0
25,3 - 13,32 27,6 | CCl . | 2,0 | O 2,0
13,0 | 25 34.3
4,0 | 50 1.3 ' ‘ | 32,9
23.90 i3.32 28,0 CCly 12,0 | 25. 1.56 1.6 |<0,1 2,0<0,1 " - |4,937.2 B2.7 9.5 {28.3
24,43 13,84 Alr Diglymej24,0 | 25 12,7 0.2 [5,8( 0.6 - - 12,2 (18,1 B3,0
(aqueocusfoon®| 31,4 PB8,6
25,0 13,70 Air Diglyme| 24,0 | 25 6.7 0.7 |8.4] 0.3 - - [0.2]19.1 #9.,6
(dry) OOH® 19,7 b2.4

2 Percentages calculated from amount of Rl-?B » or R=B bond present initially,
b R = 1,1, 2«trimethylpropyl (or thexyl) group |
¢ R = n-~hexyl group.
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2emethylbutane and 2,3,4,5=tetramethylhexane, Smaller yields

of 2~methylbutan-3~ol, 2~methylbut=2-ene, and n~heixane weré

also obtained'.' The yields of hex-l~ene, and of 2,3~dimethyl~
nonane, and nwdodecane (the other two products obtamable from

a possible coupling reaction between the n-hexyl and the 1,2,~
dimethylpropyl, radicals) were very small, The three possible
products from combination reactién_s between the 1,2-dimethyl~
propyl, and n-hexyle, radicals therefore were all produced. A
mixture of disiamylfh-gh.exylborane and sodiurﬁ hydroxide m methanol
solﬁtion was treéted with an excess of aqileous silver nitrate solution.
The orgam.c reaction products were .1solated and analysed by g.l. Ce
Table XI also shows a comparison of the peak areas in the gas-llqtud
chromatogram of the coupled hydrocarbon products from the Iz 1e))
oxidation, and from the silver nitrate induced céuplin.g reaction, |
The peak areas were normalised to 2,3,4,5~tetramethylhexane as
100, for each reaction, The 'proportion of neﬁexyl group participating
in the H,Op induced coupling reaction was far smaller than in the

silver nitrate induced coupling reaction,

After analysis of the neutral oxidation reaction mixture,
the residual C~B bonds were estimated by treating the reaction

mixture with an excess of alkaline hydrogen peroxide solution .
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Table XI

The Reaction of Aqueous Hydrogen Peroxide (30% w/v.) with Disiammhahexﬂbordne in T, H, F. and Carbon Tetrachloride Solution (0,5 M).

Olefins used during [ Hydrogen - Tempe 02016 ,
the preparation Peroxide |Solvent| Time | rature o Percentage Yields of Products 2
(mmoles) (mmoles) (hr.) | o¢ ({mmoles) . - ;
Hexw | 2-Methyle . r1E)°|R1(-m)7] REC|R(1) RIRIP(R 'R RRC |R1OHP |ROHC [R1GIP R CI°
leene | butw2e=ene ‘ ' ‘ _ ‘
11,45 25.70 26.40f . TH.FY 2.0 25 43.5 | 8,0 [12,2(¢0.1
- 12,0 | _ 42.8 | 8,0 [12.2}¢0.1 | 0,3 | 15,3 {57.2
12,31 | ~ 25.47 26,15/ TL{H.FY 3.0 25 37.1 ) 4.0 | 5.4 1.1 27,0 "Hes [ 0.4 | 16.3 | 6645
o j24,0 37.2 | 4.0 5.6 1,0 [26.9°%.« 0.4 | 11.5 | 67.8
HOO? | i | 14,5 | 79,2
. . . o, : .
12.64 26,10 26,50 CcCly [4.0 25 3.26 6.5 | 0,1 0.1 0.1 | 0.4| Zae P01 | 22,2 47,1 |1.5 [3.9
12,00 25.80 Air |Aqueous (24,0 25 9.0 | 0,1 4,0 0,1 [¢0,5c0.5 [0.5 | 20.5 |21.4
. Diglyme [HOO® \ 42,0 | 71,2
11,49 27,25 Air | Dry 24,0 25 14,1 | 0,9 |8.5] 0.1 [«0,5]«0,5 }0.5 | 15,2 | 26,2
- Diglyme [HOO® . 24,0 | 67.1
Silver nitrate induced coupling reaction: normalised g,l,c., peak areas i 100 {101,5 46,6
[iydrogen peroxide induced coupling reaction: " 1" L - _ 100 10,6 |1.5 _
' o
a w

Percentages calculated on total amount of each alkyl group present initially,

bR'

R

e — S —————

1,2-Dimethylpropyl group.

1

i

n-Hexyl group.
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followed by a further g,l,c. analysis for alcohols produced,

The increase in yield of Zf-i*nethylbutan-ﬁ_-_-"ol was much smaller

than that for n~hexanol (Table XI), Neutral H,0, solution oxidised
40% of the organchborane, therefore, to the Borate loxidation state,

the remainder being oxidised probably to a boronic acid derivative,

Disiamirlenghexylborane in CCl4 solution at 25° gave a
gaswliquid chro:r.nato.gram which showed the i:resence only bf the
solvent,. and the organoborane., The formation of .oxidation products
was not' therefore induced by the presence 6f CCly alone, When
excess agueous I-IZO2 was added, with vigorous magnetic stirring, -
an induction period of 1,5 hr., was followed by an exothermic reaction.
Stirring was continued at 250. for 24 .hr. after the addition of the HO>.
The re'a.ction mixture was then analysed for oxidation products (Table
XI}). n«Hexanol was the main product, followed by 3-methylbutan=
' 2~0l, Hexachloroethane was also producéd; but oniy a very small
yield of the alkyl halides, 3«chloro~2~-methylbutane and-1-chlorohexane.
The excess of CZClé’ o%er the alkyl chlorides produced, showed that
not all attack on the solvent was by alkyl radicals leading to the

formation of an alkyl chloride, and the trichlorometh?l radical,

The yields of monomeric, and of coupled hydrocarbons were very
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much smaller than those from the oxidation in T, H, F% solution.

The Air Autoxidation of Thexyldi-n-hexylborane and Disiamylen=

hexylborane,

Tables X and XI also include the results obtained when the
unsymmetrical organoboranes were autoxidised with an excess of
air during 24 hr, Oxidations were carried out both under aqueous,
and anhydrous condifions, In a preliminary experiment when air
ﬁvas bubbled slowly through an aqueous tetrahydrofuran (T H;Fy) |
solution of thexyldi-n~hexylborane (0.5 M,) at ice temperature, a
large proportion of the solvent evaporéted into the cold frap.
Finally the jet of the air bubbler was exposed above the surface of
the reaction mixture, When a similaz‘r‘solution of the borane was
opened to an oxygen filled gas burette, however, the reaction was
WJ;ery slow in comparison with the oxidation of disisobutyl=t~butyle
borane in dry ether e'.olution.1 Despite vigorous magnetic stirring

only 1.5 mmoles of oxygen were absorbed during 24 hr.

The experimental method chosen, therefore, was to pass
air slowly through a diglyme solution of the organoborane (0.5 M.),

at ice temperature. . After 24 hr. the reaction mixture was analysed
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by gelec. As in the oxidation of tri=n~butylborane under similar
conditions, a large numbeér of oxidation products were detected in

the gas chromatogram. 22

- The infraw-red spectrum of the mixed
products contained a weak absorption at 1705-1725 cm., 7‘1,' confirming

the production of small amounts of ketones and/for aldehydes,

For convenience, the separation and complete identification
of the many oxidatio# products present in small amounts (< 5.0%)
was not undertaken, only the larger peaks being identified and -
eétimated by g.l.c. in the presence of an internal standard, In
- addition, those products obtained in the neutral aqueous hydrogen
peroxide oxidations were estimated, even though present in é'small
yield. The C~5 and C-6 hydrocarbons were found to be swept into
the cold trap during the ap.toxidation, and were analysed separately
from the contents of the reaction flask, No 1ow- boiling hydrocarbons
were found to remain in the-rea.ctiqn flask, The combined results
from estimation of the cold trap, and the reaction flask are included
in Tabies X and XI, The quantities shown are expressed as
percentage yields, calculated on the amount of the individual alkyl
group present in the parent trialkylborane, as for the hydrogen

peroxide oxidations,
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The C~10 and C-11 hydrocarbons produced during the.
neutral hydrogen peroxide oxidation of disiamyl-n~hexylborane
were detected only among the reaction flask contents after
autoxidation, and in yields smaller than 0.5%. . The main products
o-f the autoxidations were alcohols rather tha:n hydroqarbons,_ in

contrast with a neutral hydrogen peroxide oxidation,

The use of a diglycerol forerun on the g.l,c, column (see
Appendix) allowed the estimation of alcohols both free in solution, -
‘and bound as borinate, boronate, or borate es'ters.. A rapid transe
esterif‘ic.ation between a boriﬁate s or boronate ester and 2 hydroxylic

g.l.c. stationary phase has been found to occur readily, b4

The use bf this technique allowed aﬁ unambiguous éstimation
of the uno:%idised C-fE bonds present by the subse(iuent addition of
an excess of alkaline hyd;rogen peroxiae solution to the reaction
mixture. The organic component of the reaction rnixtufe after
alkaline oxidation was re~analysed for alcohols presént by g.l.c.
Tables X a.nﬁ X1 include the total yiélds of alcohols pre.sent after
the final égddation. The amount of (;'I-_-B bond unaffected during the

autoxidation was obtained from the difference of the alcohol yields
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in the two tables, and is included in Table XVII, - As expected,
the extent of carbon to boron bond breaking was smaller in the

presence of water, for each of the boranes.55

The gas«liquid chromatogram (diglycerol + polyethyléne
glycol adipate, 1250) also showed the preéence of thé corresponding
alkylhydroperoxides, but as unsatisfactory flattened peaks, Clearly
the décomposiﬁon temperature of these compounds had been exceeded

under the chromatography conditions, 50,56

When the temperatufe
of a short g.l.c. column (3 ft.) was lowered to 95° however, the

alkyl hydroperoxides were not eluted, Estimation of the alkyl

hydroperoxides was not therefore continued,

The formation of hydrocarbons during the oxidation, rather
than during the analysis, was demonstrated by the collection of the
lower boiling compounds in the cold trap., In order to demonstrate
' the presence of free alcohols in the reactioﬁ mixture during
autéxidation,' the air oxidation of a sample of di~t~butyl-n-hexylborane
was carried out in aqueous diglyme solution, The relatively volatile
alcohol, t~butanol, was then removed from the reaction mixture,
under reduced pressure (0°, 0.05 mm,), thus causing minimal

chemical change to the organoboron residue.
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The results obtained are shoﬁ in Table XII, An aliquot
of the reaction mixture was withdrawn after autoxidation for
22,0 hr,, and evacuated at 0°, 0.05 mm, During the evacuation _
t-butanol (4.6%, calculated from the amount of t-butyl group
originally bour-ld to boron) was displaced from the reaction mixture
and collected in a cold trap (~80°). Thus some of the alcohol
préduced during the autoxidation was present p?obably as fi-ee
alcohol, .under aqueous conditions. The amount of t-butanol
iSOIatéd in this way may not reflect the totall amount of free alcohol
in the feactioﬁ mixture, as the presence of organoboron oxidation
residues reduces the volatility of any alcohols present (see Part 2,
above: n-pentanol (bop. = 1380) was less volatile than n=dodecane

(b.p. = 216°) in the presence. of organoborane oxidation products).

An aliquot was also withdrawn, but after only a short
oxidation time (3,3 hr.)., Here a g.l,c, estimation was made
of the alcohols produced.,' and then the sample was stirred for 0,5 hf;
with aqueous sodium hydroxide, as by Davies et al, 1 G‘;l.q; analysis
of the organic layer after hydrolysis showed only a very small increase

in alcohol yields, Thus the trans~esterification between the boronate




Table XII

The Autoxidation of Diwt-butyl~n-hexylborane (12.7 mmole) in
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Diglyme Solution (0.5 M.) at 259,

peroxide oxidation

Time t-B utanola :n,-f-‘HexanolEL

(hr.) | |
Autoxidation 3.30 5.5 0.7
After basic hydrolysis of
an aliquot of reaction
mixture 5.6 0.9
Alkaline hydrogen
peroxide oxidation of the
aliquot 75.5 98.3
Autoxidation 22,0 24,1 7.5
Evacuation of an aliquot
of reaction mixture 4,6
Alkaline hydrogen

66,0 96.0

a

Percentages calculated from the total amount of the individual

alkyl group initially bonded to boron,
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and/or borinate esters and the diglycerol stafiona.ry phase during
g.l.c. analysis, gave an accurate estimation of alcohols present,

whether esterified or free in solution.

When the hydrolysed sample was treated subseéueht]_.y with
an excess of aqueous alkaline hydrogen peroxide, the vield of
twbutanol obtained did not account.for all of the t~butyl group bound |
originally to boron, . Subtraction of the total yield of t-butanol
obtained from the amount o£ twbutyl group bound originally to boron
shows 20% of the available t-butyl group to have been lost, presumably
as t-glbuty]..hydroperoxide , isobutane, etc, The yield of n~hexanol

produced during the alkaline oxidation showed that the n-ghexyl

group had not been autoxidised significantly.




Discussion

Ta;ble XIIL summariseé thé total yield of products obtained |
from the neutral hydrogen peroxide oxidation of the series of
trialkylboranes in T.H.F, and CCl4 solutions. ;I’he .total yield
of hydroca?bons and alcchols ¢btained are tabulated sepai-ately.
.For the unsymmetrical boranes, the table makes no distinction
between the two different groups present, and an overall yield is
given, A clear treﬁd can be seen in the fesults. hereas changing
from a less substituted to a more substituted borane causes the
yield of alcohols to incréase markedly, particularly in T.H.F.
solution, the owrall yield of hydrocarbons changes only slightly,

and the yield of dimeric products falls sharply.

*

In carbon tetrachloride solution, an increase in branching

of the alkyl groups led to a larger increase in the proportion of

alcohol obtained, than in T.H.F. sclution, In CCl4 solution,howe'ver,'

the overall yield of organic products was reduced, The increase in
alcohol yield was most marked for thexyl-di-n-hexylborane and
for disiamyl-n~hexylborane. An explanation of the larger yield of

alcohol may lie in the low solubility of HZOZ in CCl4 combined with
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the larger steric requirements of the unsymmetrical trialkyle
boranes. Under these conditions, only a reactive hydrogen

peroxide species would be able to react with the orga.noborane.

The hydroperoxide "ion,' proposed by Brown®> to be the
reagent in the quartitative all;:aline hydrogen peroxide oxidation
of a trialkylborane to boric acid and the corresponding alcohol,
would be present only in a low concentration under. the conditions
of this study. If 't.he.norma.lly fast reaction of un~ionised hydrogen’
peroxide was inhibited by the change to CCl, solution, then attack
by the more ﬁucleophilic hydroperoxide ion, 'which only yields |
‘alcohol, may become dominant in spite of the low concentration of

that reagent,

The composition of the mixture of hydrocarbon products
obtained from the oxidation of a more branched borane gives strong
support to the suggestion of free radical intermediates in the fast
reaction, 4 Table XIII shows that the yield of monomeric hydro«
‘carbons increase.s rapidly af the expense. of dimeric hydrocarbons,
as the branching of the alkyl groups increases, Whereas trienw

hexylborane gave 35,0% of coupled products, and only 13,3% of
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monomeric products, trif‘zrhexylﬁorane gave 12.5% of coupled

- products, and 40, 9% of r/nonom'eric hydrocarbons, The reaction
of disiamyl-_-héhexy]:borane witﬁ hydrogen péroxide gives 19.1% of
coupled hydrocarbons, and 2.9;6% of monomeric hydrocarbons-',
while thexyldi-n~hexylborane gix;es 6,6% of coupled hydrocarbons,

and 39,5% of monomeric hydrocarbons,

The suggested fr.o.eé radical formation of n~dodecane,. during
the oxidation of tri=n-hexylborane .(Part 2, above}, required the
coupling reaction between two n«~hexyl radicals to be energetically
more favo’ﬁi-able than hydrogen abstraction from the solvent, A

26 46 have a very low energy

primary alkyl radical has been calculated
of activation for the combination reaction, owing to its small steric
regquirements, The secondary alkyl radigals as in the hex:-‘-'z‘-'yl, or

1,2, ~dimethylpropyl radicals, has more ;;:s‘t-r;'ingent steric 4requirements‘,
aﬁd tfms probably, therefore, a larger activation energf for the

co.upling reaction, The coupling reaction Would therefo-re be expected
to decrease in impoitance x.:omp.ar.'ed with the hydrogen abstraction
reaction, This éoncluéion is supported .by' the observation both here,
and by Verbru;gge,39 fhat thé tertiary alkyl grouﬁ; as in thexyldiene

hexylborane; does not .undergo a read;y coupling reaction. It is very



Table XIII

Overall Percentage Yields of Hydrocarbons (including Alkyl Chlorides), and Alcohols,
Produced in the Neutral Aqueous Hydrogen Peroxide Oxidation of Representative Organoboranesat 25

| ~

| ‘ T H,F, Solution 'CCl, Solution
| : ' ' Percentage Yield of ‘Alcohols Percentage Yield of Hydros | Alcohols
Hydrocarbons® Produced carbons?® Produced
"Monos| Di= Total |- % Mono~| Dimeric Total %
meric|meric - meric ' -
Triwn-hexylborane | 13,3 PB5.0 | 48,3 10,9 28.8 | 9.6 38,4 23.0
Tri=2~hexylborane 40,9 (12,5 53,4 24,4 39.6 5.6 45,2 33,6
Thexyldi=n~hexylw |
borane 39,56 |6.6 | 46,1 27,6 23.2 5.0 28,2 34,9
Disiamylenehexyls , ' o
borane 29.6 [19,1 48,7 30.3 6.1 0.9 7.0 34.7

Percentages based on total C=B bond present before oxidation,

S0¢
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probable therefore, that production of the monomeric and dimeric
bhydrocarbons is the result of competing radical coupling, and

hydrogen abstraction reactions,

The bimolecular reaction, 30

suggested earlier as a possible
alternative to the free radical mechanism (Part 2, above), would
not be expected to lead tolhydrogen abstraction products. H,C|
Brown has noted that the silver nitrate induced coupling zjeac'tion of
trialkylboranes in the presence of CCl, yields the corresponding
' . L 46b
alkyl chloride, and some CpClg, rather than the couflled product,

This result was interpreted as evidence for a free radical mechanism

in the silver nitrate coupling reaction.

The reaction of thexyldi-n-hexylborane in T\ H{F% solution,
induced by aqueous hydrogen peroxide, yields an anomalously large
proportion of n-hexane, compared with n~dodecane. With this
borane the behaviour of the n-hexyl group is unlike that of the n~hexyl
group in tri-n~hexylborane, where the preferred product is n=dodecane.
The oxidation of thexyldi-n~hexylborane was not as vigorous as that
of the primary bofane, however., The low yield of n-dodecane from

the tertiary borane may therefore reflect the necessity for a fast
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reaction, such as the chain mechanism proposed in Scheme 2
above, giving a high concentration of radicals in solution in order | |

to allow a preference for the coupling reaction,

| Alternatively, the low yield of coupled hydrocarbons may
support the free radical displacement mechanism suggested in Part

2 of this Section. If such a reaction occurs (as in Scheme 5, _below);

Scheme 5

HO, + RBR IS5 HO + HOBR + R 32— (HOBR + R-+ R.  5a
fas, Ho- + HOBRR+ R Bas= (HOBR+ R+ R 5b 1
|
Ee2t, (HOBR' 2R 5¢ 1
. o
R = 1,1,2«trimethylpropyl {or thexyl) group. |

R = n~hexyl group,

then reactions (5a} and (5b} might be expected to predominate, owing |
to the relief of steric compression at fhe boron atom following the

removal of the bulky 1,1 ;Z-ftrimethylpropjl group (R]'). Both reactions
produce two alkyl radicals which are known not to couple readily;39

Consequently unless reaction (5¢) is followed, the n-hexyl radicals

must leave the solvent cage before any n~dodecane formation can follow.



The behaviour of thexyldien~hexylborane therefore suggests that

if the radical displacement mechanism is important, the formation
of dimeric hydr oc?arb;)ns takes Iplace befor_e thé ré.dicals leave the
proximity of the boron atom, explaining the low yield of n~dodecane.,
The argumént here appears to be in conflict with the results frorn“
the oxidation of a2 mixture of tri-n-pentylborane and tri~n-hexylhorane
(see Part 2, above), where the statistical distribution of dimeric |

hydrocarbon products indicated the random presence of n~hexyl and

~ napentyl radicals throughout the system.

! have reported the oxidation

Only Davies and his co=workers
of unsymmetrical trialkylboron compounds under conditions which
might lead to the observation of sorné éelectivity in the breaking of
C-B boﬁds: They oxidised t-f-butyldi-gisob@tylborane slowly at 0°,

using 96% H,0, (1.0 mol.), and found that only t-butanol was produced,

_the isobutyl groups remaining bound to boron, Surprisingly, no yield

of monomeric or dimeric hydrocarbons was reported, Similé.rly-;
only t~butyl chloride was detected after the selective autoxidation of

t-butyldi-isobutylborane in CCly solution,
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When the reaction products from the oxidation of disiamyl-
nehexylborane during the present study were treated with an excess
of alkaline hydrogen peroxide solutioh; the increase in yield of
2-methylbutan=3~-o0l was 3%, and of n-hexanol, 11.4%. Similar.
treatment of .the prod.u.cts 1frorn the oxidation of-thex;rldign-ghexylborane
yielded a further 5,25% of 2,3=dimethylbutan-2=ol, and 16,9% of
n-g-hexanol;' In hoth o:!; these unsymmetrical boranes, howeve;r; the
neutral hydrogen peroxide oxidation had broken a larger proportion
of secondary, ox tertiary C-B bond, than of primary C-B bond.
The relative yields of the different alcohols obtained during the
neutral hydrogen peroxide oxidation however, showed that a larger

proportion of primary C=-B bond, than of secondary or tertiary C-~B

bond, had been broken to form alcohols in each of the two unsymmetrical |

boranes, This result might be interpreted as showing a selectivity
in favour of the breaking of a primary C~B bond under neutral

oxidation conditions,.

The relative rates of the alcohol and hydrocarbon forming

reactions however, show that the alcohols are produced largely after



the cessation of hydrocarbon production (Part 2, above), . Any

selectivity during the breaking of C~B bonds to form hydrocarbons
is therefore likely to dornrina.te the overall selectivity observed
during the néutral oxidation. Thus selectivity of alcohol production
durin.g tﬁe neutral hydrogen‘ peroxide oxidation may b;e only a

secondary effect,

Table XIV shows the percentage of each alkyl group spent in
hydrocarbon, and alkyl halide formation during the neutral hydrogen
peroxide oxidation of disiamyl-nghexylboraﬁe; and thexyldirn-giflexyl-g'
borane in T, H.F, and CCl4 solutions, | "The neu.fral oxidation of
disiamyleh:-hexyiborane; conté,ining one primary and two 'secondary
alkyl groups, ‘sh‘ows an eight fold ‘selectivity in favour of the breaking
of the secondary C«B bond; to form hydrocarbons in T(H, F solution,
but only a two fold preference in CCl4 solution, Thé selectivit‘y'
‘with thexyldi'.g-h‘_-'hexylboré,ne R cbhtaining a tertiary, and tﬁo primary
groups bound tobbor.on; appears to be in the reverse direction,
breaking a larger pﬁoportion of the primary C~B bond in both T.H.F.
and CCly soluti(sns; Although a smallgr'selectivity between the groups
in thexyldi\:-.-n;-hexylborane was noted during oxidé,tions using the

alkaline hydrogen peroxide reagent (Section III, above), the selectivity
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Table XIV

Percentage of the Primary, Secondary, and Tertiary Alkyl Groups of
Disiamylen~hexylborane and Thexyldi-n-hexylborane Present as Hydrow
carbons. and Alkyl Halides after the Neutral Aqueous Hydrogen Peroxide
‘Oxidation,

Primary Secondary Tertiary
Solvent | C«B bonds2| CeB bonds® C4B bonds?
Disiamyl-nwhexyls |T H;F% 8.7 69.0
borane | CCli 4,4 - 8,7
Thexyldi-nehexyle |[TVHLFG| 52,7 ' 31.5
borane CCl4 35.3 7 21,2
Table XV

Total Percentage Yields of the Organic Products Obtained from the
Neutral and Subsequent Alkaline Hydrogen Peroxide Oxidations of )
Disiamyl-n-hexylborane and Thexyldi-nehexylborane in T,H,F% Solution.

Percentage of C~B bond accounted for?
Primary | Secondary  [Tertiary '
Disiamyl-n~hexylborane 87.9 83.5
Thexyldi~-n~hexylborane 99.6 61,9

Percentages based on the amount of primary, seconda;rgr or tertiary
C«B bond present before oxidation, :
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(a preference for oxidation of the more substituted groups) was

still in the same direction as for disiamyl~-n~hexylborane,

Table XV .shows the overall percentage of each ali{y'l grouﬁ)
accounted for in the neutral hydrogen peroxide oxidation of the two
uns.ymmetrical trialkylboranes, In T{H,F, solution, the yield of
products from the 1,1 ,2~trimethylpropyl group is 22% lower than
that obtained fromr‘ the other alkyl groups studied:. T-he results .f.rom
oxidation irr - CCl ‘solu,tion are not included in Table XV as a final

4

alkaline oxidation was not carried out in this solvent, A subsidiary

- experiment was made, accordingly, to ensure that any hydrocarbons

produced during the oxidation of the 1,1 s 2=trimethylpropyl group

wezre stable fo oxidation under the reaction conditions.

-When a mixture of n-hexane, and 2, 3~dimethylbutane under

nitrogen, in TLH, T, solution was treated with agqueous hydrogen

peroxide (1.0 mol.), g.l.c. analysis showed the amount of the tertiary

hydrocarbon present to decrease rapidly. 2,3-Dimethylbutane was

therefore unstable under the reaction conditions, and the unexpected

selectivity in the oxidation of thexyldi:-nfhexylborane is not meaningful,

It was not possible to estimate the loss of this product accurately
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during the organoborane oxidation, but if the proportion of the
tertiary group oxidised in thexyldi-n~hexylborane is aséumed to
be comparable to that of the Sécondary groﬁp in disiafhylnn-hexyl-
borane, then the‘ selectivit.y‘ of oxidati.on would inciicaie a small
preference for th;a oxidation of the tertiary group '.bve'r .‘thé primary
gro.up. The overall selectivity in the dealky.latioh reac;tiori to
producle hydrocarbons is proﬁably thereforé similar to that found
in Section III above,using the aqueous alkaline hydrogen peroxide
reagent. Here,also, the 1,2;dimethyipropyl group was removed
more selective'l}r than the 1,1,2~trirhéthylpropyl group, over the
n-hexyl group. Similar reasons to those outlineci in Section III
(from the relief 6£ dverall steric. straiﬁ on removal of the more

substituted alkyl group may provide an explanation of the selectivity.

H.C.Brown and co~workers hydroborated mixtures of two

olefins of different structure, and treated the resulting mixture of
. . . . e 39,44,45
trialkylboranes with the silver nitrate coupling reagent.
They concluded from experiments where an insufficiency of silver
nitrate was used, that this reagent broke carbon to boron bonds
unselectively, to form an unstable silver alkyl. ’ Thelhydrocarbon

products were formed after a homolytic decomposition of the unstable

silver alkyl.
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The hydroboration anci subsequent silver nitrate induced
couipling of a 1:1 mixture of pentwl~ene and hexel=ene, gave
'C=10, C~11 and C#l2 hydrocarbons in a2 1,0:2,0:1,0 mixture,
'.fhe distribution of the primary alkyl groups in the products was
therefore controlled bSr statistical faétors only, A‘. similar distribution
of hydrocarbon products was found in the hydrogen peroxide oxidation
of a similar mixture of boraneé in the present study (Part 2, above).
When a 1:1 mixture of hex-l-ene, and 2-methylbut-2-ene was
hydroborated, and then weafed with an excess of the coﬁpling reagent,
however, the ?ield of the C-11 hydrocarbon ° was smaller than thé.t

predicted on a statistical basis.45 '

In the present work, the products of a coupling reaction of
the 1,1, 2«trimethylpropyl group, either with a similar group, or
with the n~hexyl group, could not be detected. | In the case of the
1, 2-dimethylpropyl, and n=hexyl groups, the molar ratio of products
obtained was 66,4: 7;85_: 1,0, for the C=~10, C-11, and Cw12 |
hydrocarbons, respectively.‘ Reference to Brown's work?> allows
the completion of Table XVI which relates the yields of coupled

products to the ratio of alkyl groups involved in hydrocarbon formation.
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Table XVI

The Normalised Yields of C-10, C-11, and C~l2 Hydrocarbons
Obtained from the Coupling Reaction between Varying Proportions
of the n~-Hexyl= and 1,2«Dimethylpropyl Groups,

Ratio of alkyl Normalised Yields of the Coupled
 lgroups reacted: Hydrocarbons :
1,2=Dimethyl=~ - C~10P C-~11¢ - [C~129
propyl/n~-Hexyl
7.94/1 66.4 78.5 - 1.00
a
1.00/1" 0.45 1.02 1,00
a
0.33/1 0.07 0.36 1.00 J
a

H.C.Brown, C.,Verbrugge, and C,H.Snyder, J.Amer.Chem. Soc.
1961, 83, 1001,

2,3,4,5~Tetramethylhexane,
2,3~Dimethylnonane,

d
n~Dodecane.
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Normalisation of the amount of n~hexyl group engaged in coupling
to 1,00, and of the C~12 product yields to 1,00 in Brown's work
shows a simple numerical relationship between the proportion of
1,2-dimethylpropyl grdup present and the yield obtained of the

C=11 hydrocarbon.

The normalised yield of the C-11 hydrocarbon and the
proportion ;)f‘l;zfdirnethylprc)pyl group engaged in the coupling
reaction in the present study show a similar relationship (Table XVI),
 suggesting that the two alkyl radicals have a similar aptitude fc;r
unsymmetrical coupling when produced by cither reagent, and in
spite of a difference in solvent., The further implication is that
any side reactions of the radicals are éimilar'under the experimental
conditions of each study, and that the observed proportions of the
primary and secondaryl alkyl groups present in the dimeric hydrocarbons
thérefore represent a 7. 9{} fold preference for the release of a
l',zf;'dimethylpropyll radical over a n~hexyl radical during the reaction

with neutral hydrogen peroxide.

The overall yield of products attributable to free radical

intermediates, rather than the ionic intermediates 'as discussed by

4043

48 .
Traylor, and Kuivila, indicates a clear selectivity towards
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. oxidation of the more branched alkyl group. Allowing for the loss

of some 1,1,2<trimethylpropyl group through possible hyd;roperoxide,
etc., formation, the selectivity of removal of tixe se‘conda.ry or
tertiary, over the primary alkyl group in an unsymmetrical borane

is comparable to that found in Section III‘: The Selective Oxidation

of Unsymmetrice;l Trialkylboranes using Alkaline Hydrogen Peroxide,
Owi.ng to the steric, etc., requii’ements of the subsequent free radical
combination reaction in T,H,F, solution, the yield of coupled hydro-
carbons was lower than that obtained from the neutré.l oxidation of
tri-n-hexylborane. Each of the unsymmetrical boranes gave a larger

yield of the products of hydrogen abstraction from the solvent.

Sharefkin and Banks 2*® treated a trialkylborane with diethyl-N-
chloroamine and obtained a 35% yield of the corresponding alkyl

chloride, Piperidine was found to catalyse the reaction. A

relationship with the presént study lies in the formation of appraximately

1.0 mole of alkyl chloride from 1.0 mole of the borane, Basic catalysis

of the chloro-amine dealkylation suggests a non~free radical reaction
whereas the reaction in carbon tetrachloride solution shows the

characteristics of a free radical reaction, including an induction period
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24b,34 In carbon

before reaction, and the production of C3Cly.

tetrachoride solution an increase in branching of the trialitylborane

caused an in;::rease in the i)réporfion of alcohol formed during the

hydrogen per.pxide tlaxida.tion at the expense of hydrocarbon and alkyl

halide production, Thus very little alksrl chloride is produced

dﬁ.ring the oxidation éf disiamylfhfhexylborané. The selectivity

observed with this borane, and with thexyidiene'hexylborane , however,
|

indicates a reverse in the selectivity between the alkyl groups. The

yield of the primaxry alkyl chloride is higl;er in ealch case, and may

reflect the greater difficulty of solvent attack by the more substituted

free radical,

The promise of the reaction of hydrogen peroxide with tri-n-
hexylborane to produce n~dodecane, or l=chlorchexane, was not

therefore fulfilled when an attempt was made to extend the reaction

to non-primary trialkylboranes., The coupled hydrocarbon products
obtained from the unsymmetrical boranes showed considerable
selectivity, however, between the breaking of secondary and primary

carbon to boron bonds,




219

The Autoxidation of Thexyldi-n-hexylborane and Disiamylen~hexylborane

Davies examined the air oxidation of di-fisobutylf-t-gbutylboréne
in dry ether solution using varying amounts of molecular oxygen.
‘Peroxyoctanoic acid was then added to the resulting organoperoxyew
borane which, after subsequent hydrolysis, yielded a rﬁixture of
alcohols and alkyihydrOpero:gides. The yields of t«butylhydroperoxide
and isobutylhydroperoxide indicéted =t the selectivity to oxidation
between the alkyl groups to be 4.5:1 in favour of oxidation of the

tebutyl group ( during the uptake of the first mole of oxygen).

~ Although di~isobutyl-t-butylborane contains one tertiary and
two primary alkyl groups bound to boron the boron atom is strongly
hindered owing to the presence of twook énd twose alkyl substituents
relative to the boron atom, The steric hindrlance at the boron atom
is therefore comparable to that iﬁ the two unsymmetrical trialkylboranes
examined in the present study. A similarity befvs._reen the autoxidation
products of disiamylen~hexylborane and thexyldisn~hexylborane and
the autoxidation products of dimisobutylwt«butylborane should therefore
distinguish the established autoxida?ioz; mechanism for a trialkylborane

as exemplified by the behaviour of
P Yy




220

the latter borane} from the neutral hydrogen peroxide reaction

mechanism,

‘'The oxidatién of a tri-n-alkylborane in the presence of
water proceeds readily to éxidise’ one boron to c:arlbon" bond,‘
yielding an alkylperoxyborinate, While #nder anhydrous conditions
a dialk;lrlperoxy.borona.te is obtaiged. >5 Addition of an excess of
oxygen should not consequentiy prevent the obsérvation' of selectivity
through the complete deélkyiation of the borane, particularly in the

presence of water,

As far as possible, therefore, experimental conditions were
chosen to allow a comparison of the results obtained both with those
of I)avies;1 and with those in the present study using the aqueous

hydrbgen peroxide reagent,

The results in Tables X and XI show that the distribution of
products obtained from the autoxidation of disiamyl-n-hexylborane
and thexyldign-ghe:;:ylborané is widely different from the corresponding

oxidation by neutral hydrogen peroxide solution. Thus the production

of alcohols occurs in preference to hydrocarbons, The behaviour of
the two unsymmetrical boranes therefore parallels that of tri-n~hexyl-

borane during autoxidation under similar conditions (Section v, Part 2,

above),
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Treatment of the autoxidation reaction mixtures with an
excess of alkaline aqueous hydrogen peroxide allowed the calculation
of the overall amount of carbon to béron bond broken during the

reaction with oxygen (Table XVII),

During the autoxidation of disiamyl-_-n‘f-hexg}lborane in aqueous
diglyme, approximately one equivalent of boron to carbon bond
remained unaﬂ;'écted , while under anhydrous conditions only 66% of
one equivalent of alkyl group remained bound to boron, The -
autoxidation of thexyldi-n~hexylborane in agueous diglyme left 66%
of one equivalent of C~B bond unoxidised while less than 33% of ox;e
equivalent of C~B bond was unoxidised under anhydrous gon;li£ions;
In both aqueous and dry solutions, therefore, the oxidation continued
beyond the predicted extent (i.e, one C~B bond oxidised in the
presence of water, and two C~B bonds oxidised under anhydrous

conditions), 55

The large extent of the autoxidation in aqueous solution would
be expected to reduce the overall selectivity of carbon to boron bond
breaking., Table XVII also includes the quotients of the amounts of

the individual alkyl groups oxidised during autoxidation in each of the
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‘Table XVII

The Autoxidation of Solutions (0.5M.) of Disiamyl-n-hexylborane
and Thexyldi--n~hexylborane., The QOverall Amount of Carbon~Boron
Bond Broken During 24 hr,

Diéiamyl-n-hexylborane Thexyldi-n-hexylborane
Aqueous Anhydrous Aqueous |} Anhydrous
Diglyme Diglyme. Diglyme | Diglyme
b c b d
|Percentage C~B R~ R'-= R- {R'- R- [R'- R~ [R"-
bond broken® 50.2 |78.5 | 59.1 [90.6 (r4.4 |86.7 [86.2 | 99.4
R~/ ,R"-f 1.56 1.53 L7 1,15
R~ R

TABLE XVILI

1
The Autoxidation of Disiamyl-n-hexylborane and Thexyldi-n-hexylborane.
The Production of Alcohols during Autoxidation for 24 hr, }

|

Disiamyl-n-hexylborane] Thexyldi~n~hexylborane

Agqueous Anhydrous Aqueous Anhydr ous

Diglyme Diglyme Diglyme Diglyme
: b c H d
Yields: ROH"R'OH ROHR'OH |[ROH [R"OH [ROH R’ OH
1) mmole ' 2.615.3 3.0 | 4.2 |8.1 ] 2.5 |12,4] 2.6
2) Percentage™ 21.4[20.5 | 26.2{15.2 [33.0 |18.1 {49.6] 19.1

ROH/_ROH, ROH/R'OH

calculated from:
1) mmole A 0.
2)Percentage 1

— N
L ]

-1~
L

N
DN
[ .
o~

Percentages calculated from initial amount of C-B bond
R = n-hexyl
R'= 1,2-dimethylpropyl

&0 T oL

R" = 1,1, 2-trimethylpropyl.
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four experiments (estimated by analysis of the residual C~B bonds),
" The selectivity of oxidation is-small during. each experiment and
favours the oxidation of tﬁe Seconda.ry or terfia.ry carbon to.boron
bond over the primary carbon to boron bondl. Further, the change H
from aqueous to dry reaction conditions causes a {rery small change
in ’se_lectivity in spite of a change in the extent of reaction: It is
possible therefore that the large extent of the aqueous autoxidations ‘
may not cause a very large change in the observed selectivity of |

boron to carbon bond breaking,

The selectivity and mechanism of formation of the hydrocarbon

and alcohol products is conveniently d